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PARTIE I

ETUDE DES PROPRIETES THERMGELECTRIQUES ET THERMOMAGNETIQUES
DU GRAPHITE
A BASSES TEMPERATURES







RESUME

[*idée centrale de la premiére partie de ce travail est d'étudier 1'inter-
action électron-phonon dans le graphite dans les conditicns de Kohn, c'est-a-dire
lorsgue le vecteur d'onde des phonens est exactement égal au diam@tre transverse de
la surface de Ferml. Nous montrons qu'en raison He 1'anisotropis considérable de 1la
surface de Fermi, renforcée encore par l'anisotropie des surfaces de dispersion des
phonons de nature guasi-bidimensionnelle, {1 existe un couplage trés intense entra
les phonong de Kobhn et les électrons. En admettant gue les seuls phonens affectivs-
ment entrainés sont ceux situés dans le régime de Kohn, nous trouvons gue la compo-
sante de "phonon-drag” du poyvoir thermoélectrigue [(prédominante dans le domaine de
basses températures considérd) refléte ce fort couplage. Un tel mod2le permet d'ex-
pliquar, de maniBre satisfaisante, 1'anomalie de pouvoir thermoglactrigue observés
dans le graphite vers 40 K. Cette idée s'est aussi révélée fructuesuse pour expliquer
‘1é changement de signe du pouvoir thermoélectrique du graphite irradié aux électrons,
par suppression de la contribution de "phonon-drag"”. Nous avons enfin étendu cette
idee & 1'analyse des coefficients de transport (pouvoir thermoZlectrique et coeffi-
clent Nernst-Ettingshausen) en présence d'un champ magnétigue, suffisamment faible
pour pouvolir negliger les effets de guantification des niveaux d'énergie électroni-
ques. Les résultats ohtenus sont en accord satisfaisant avec les récentes mesuras

expérimentales de Takezawa, Mangez, Hewss, Dresselhaus et Tsuzuku (1973).







CHARITRE I




Le graphite est certainement le semimétal qui a &té le plus étudié depuis
le début du sikcle, tant du point de vue théorigue qu'expérimental. Cet intérét par-
ticulier ezt fondé sur le falt gue le graphite constitue un corps unique dans le do-
maine de la Physique du Solide. Sa structure cristallographigue est trés anisotrope
le réssau est hexagonal, formé d’un empilement ordonné de plans graphitigues parallé-
les se sucocédant dens l'ordre alterné A B A B ... (Fig. 1].

Chague plan graphitigue est un assemblége hexagonal d'atomes distants de
1.45 A. La distance ¢,/2 entre deux de ces plans consécutifs est de 3.35 A. La mall-
le élémentaire représentée sur la Fig. 1 contient guatre atomes A, B, A’, B'. Notons
gue ces atomes sont de deux sortes, ceux qui ont un vaoisin immédiat au-dessus at au-
-dessous d'eux dans las plans graphitiques suivants, tels que les atomes A et 5 de
la Fig. 1, et ceux gui n'en ont pas, tels A' et B'. Le volume de la maille &lémen-
taire est Vg'af c,/2. A catte large anisotropie de structure est liée une grande ani-
soiropie des forces interatomiques : les lieisons entre atomes d'un mé&me plan graphi-
tigue, de nature covalente, sont environ deux ordres de grandeur plus intenses que
lzs liaisons entre plans, da type van der Waals., Une telle structure physigue se re-
fidte &videmment sur le spectre d'énergie, et les relations de dispersion dans le
graphite sont profondément différentes de celles gue 1'on a dans les cristaux ordi-
nairas isotropes. Cette situation conduit tout natursliement & des problémes trés
particuliers st intéressants dans l'étude théorique des propridtés Slectriques, ther-
migues et mécanigues du graphite. Cette étude a cependant longtemps été génée sur le
plan expérimental par la trés grande difficulté de trouver des monocristaux da graphi-
te nature] d'assez grandes dimensions et surtout libres de défauts et d'impuretés. Ce
n'est qu’'a partir de 1861-63 gue l'on g su préparer, par traitement thermigus sous
pression, des échapntlllcns de grephite "pyrolytigque® gui, sans étre monocristallins,
sont gponstitués par 1'assemblage ds cristallites de grande tallle f(de 1 & 10 u), ayant
leurs axes c sensiblement parall2les & la direction de compression (dans las meilleurs
gchantillons actuels, la dispersion das axes c est moins que 1°). l.'abtention de ces
échantilions de haut degré d'organisation a évidemment permis un &largissement consi-
dérable du champ d'investigation sur le matériau idéal, contribuent ainsi de manidre

dacisive & la détermination de ses propriétés intrinségues.

STRUCTURE DE BANDES DU GRAPHITE

Une guantifé considérable de travaux, tant expérimentaux gue théorigues, ont
contribué & obtenir une information détaillée sur la structure électronioue et la sur-
fece de Fermi du graphite. Plusieurs mises au point particulirement complétes et dé-

talllées sont apperues dans la littérature durant ces dix derniéres années (Hearing
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Fig.”

The crystal structure of graphite, showing the stacking sequence

ABAB ... . Atoms of type o with neighbors directly above and
below in adjacent planes are shown with open circles; those of
type B, with full circles. The-unit cell with four atoms A, B,
A', B' is shown. The cell height c is 6.708 £ and the basal
dimension a = 2.46 A. The in-plane bond length AA' is 1.46 R.
(From I.L. Spain, "“The Electronics Properties of Graphite", in
"Chemistry and Physics of Carbon", edited by P.L. Walker, Jr. and
P.A. Thrower (Marcel Dekker, Inc. New York, 1973), vol. 8, p. 1),




et Mrozowski 1880, Mc Clure 1964, Le Groupse Frangals d’Etude des Carbones 1885,
Raynolds. 1968, Cracknell 1971, Mc Clure 1871 =t Spain 1873). Dans ca qui suit, nous
nous limitsrons & rappeler un certain nombre de résultets considérés actusllement
comme acquis gul nous seront utiles dans le reste de notre &tuds.

Le graphite doit ses propriétés intérassantes aux &lectrons (T), ek c'est
la répartition de ceux-ci fqui est principalement en causs. L'existesnce de guatre
atomes de carbone dens la maille &lémentaire, chagus atome possédant un électroen (7],
@ pour conséquence un pombre de bandes () égal & quatre, Comme une bande peut sccom-
moder deux électrons par maille, de spins 0ppesés, au z&ro absolu nous devors ramplir
completement deux bandes (bandes de valence) pour contenir 1’ensemble des électrons
{m), les deux autres bandes d&finissant alors les bandes de conduction. I1 gst au-
Jourd'hul bien étepbli, & la fois théorigusment =t expérimgntelement, que les bhandes
de wvalence et de conduction dans le graphite se recouvrent légdrement en énergie,
sur une largeur d'environ 30 & 40 meV, ay voisinage immédiat des six arétes vertica-
les HKH du prisme hexagonal représentant la zone de Brillouin (Fig. 22.

Le recouvrement de ces deux bandes a pour conséquence, compte tenu de la
position du niveau de Fermi au dessous du sommet de la bande de valence aux points
H et au dessus du bas de 1a hande de conduction au point K, l'existence & OK a la
fols de trous et d'&lectrons libres. Dans un schéma de zogne répétee, les surfaces
de Fermi de ces porteurs sont représentées par de petites poches en forme de clgares,
de trés faibles sections perpendiculairement & 1'axe k,, allongées le long des arétes
verticales HKH de la zone de Brillouin. L'dtude détaillée de ces surfaces indigue en
fait une structure fine compliquée qui est associée & ume forte déformation dans le
plan {ky, ky], de symétrie trigonale autour de 1'axe k. La surface de Fermi du gra-
phite est illustrée Figs. 3, 4 et 5, d'aprés les travaux de Mc Clure [1957), de Seoule,
Me Clure et Smith (1864), de Dresselhaus et Mavroides [1964) et en dernier lieu de
schroeder, Dresselhaus et Javan (1968) : la poche centrale autour du point K (kz=0]
contient les électrons, tandis gue les deux poches autour des points H contienment
les trous ; ves surfaces sont extrémement anisotropes : pour les &lectrons [trous),
la longueur suivant la directiopn ky est égele & 17 (12.1) fois la largeur perpendi-
culairement & cette méme directian.

Parmi les divers travaux théorigues qui ont été proposés pour décrire la
structure de bandes dy graphite, le modéle gui rend compte, de la manigre la plus
satisfalsante, des propriétés du graphlte, est celui de Slenczewski et Weiss [1958)
(gue nous désignerons dans ce gqul suit par les initiales S.-W.). T1 reprend le modé-
le bidimensionnsl de Wallace (1947) consistant & traiter les plans graphitigues com-
me 5'1ls étaient indépendants, mais en tonant compte du caractére tridimensionnel du
réseaud, c'est-a-dire en introduisant la faible interaction gul existe entre plans

graphitigues différents. Fondé & la fois sur 1'utilisation de 1a théoris des groupses
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H, ZONE CORNER

2 HOLES
EXTREMAL™ &
HOLE % |
CROSS SECTION f

k,= 0
EXTREMAL
ELECTRON

CROSS SECTION |

-;g

_\}ELECTRONS

GRAPHITE FERMI SURFACE

Fig.3

Electron and hole surfaces for kZ > 0 at the vertical zone edge

HKH are shown in an extended zone scheme. The trigonal warping of
the surfaces, which is most pronounced at kz = 0, is caused by

an interaction characterized by the band parameter Y3 To emphasize
this trigonal anisgtropy, the scale perpendicular to the kZ axis
has been expanded by a factor of 5.

(From M.S. Dresselhaus and J.G. Mavroides, IBM J. Res. Develop. 8,
262 (1964)).
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et sur un traitement de théorie ds perturbation, le mod&le de S.-W., donne les rela-
tions de digparsion exprimant 1l'énergie électronique en Fonction du vecteur d'onde
g, pour las guatre bandes (%) le long des srétes verticales HKH de la zore de
Brillouin et au volsinage immédiat de celles-ci. Lps résultats du calcul de S.-W.

peuvent dtre décrits par 1%amiltonien (4x4) ' (e Clure 1957, 1871).

- 0 X -
“1 6 "3 Hia
8] ®
U £ H)g Ho3
he = : . (I-1)
% % 0
Hia Hos £q faz
* 3
L Hs Hya Hag €3
N (E 2 _
ol el A+ 2Y, cos ¢ * 2Yg cos® ¢, (I-2)
SD = A - 2y, cos ¢ + 2y cosz ¢ (1-3)
2 1 5 ’ 1
¢
€3 = 27, coe? &, (I-4)
H13 = ig; [2Y4 cos ¢ - YD)q,Kela. (I-53
2v2 ‘
H23 =.£§_ (2Y4 cos & + YDJq)Kelu, (1-8)
22
io
Hyq = V3 (v cos ¢la ke, (I-7)
k_c
ot ¢ =~ (1-8)

-

Dans ces expressions, E (KZ = ki * kz] ast le vecteur d'aonde mesuré & partir de 1'ardgte
HKH deg la zone de Brillouin dens un zlan horizontal, o ast 1'angle polaife entre le
vecteur © et 1'axg Fky (Fig. 2] et A, Yo Yoo Yor Yoo Y4 et Yz sont des paramgtres
ajustables correspondant aux interacticns entre sitas atomigues différents du réseau
graphitigue (Table 1). Le figure B illustre la signification de ces divers paramétres
d'interaction.

L'allure des courbes de dispersion dépend, de maniére trés sensible, des

valsurs des différents paramétrss d'interactiaon. Ces valeurs ont &té déterminées a
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TABLE 1

{es divers paramd@tres d'interaction décrivant les bandes d'energis

du graphite

paramdtre d'interaction entre un atome de

dans le mdme plan graphitiqgue

paramétre d'interaction entre deux atomes

plans voisins

paramétre d'interaction entre deux atomes

plans seconds voisins

paramétre d'interaction entre deux atomes

plaﬁs voisins. Ce paramétre produit la

paramétre d'interaction entre un atome de

appartenant & deux plans volsins

paramdtre d'interaction entre deux atomes

plans seconds voisins

traduit la différence de nature cristallogrephigue entrs les atomes du type o at

du type B

type o et un atome dg‘?ype B voisins
de type o voisins appartefant & deux
de tyée B voisine appartenant & deux
de fype B volsins appartenant & deux
déformation trigonale dééhbandes;

type ¢ ét un atome de type B voisins

de type 0 voisins apﬁértenant a deux

11
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-
_ _Amu . Amw Overltap parameters describing the enerav bands of araphite (Table 1}.
Ltoms of type o with neighbors directly above and below in adjacent planes are shown with open

circles; those of type %, with full circles,

<3
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partir d’un grand nombre d'expériences, comprenant principalement 1'effet de Hazas-van
Alphen, 1'effet Shubnikov-da Haas et les mesures de magnéto-réflexion et de résonance
cyclotran (Mo Clure 1957, Noziéres 1958, Me Clure 1960, Mc Clure st Yafet 18982,
Oresselhaus et Mavrpides 1864, Williamson, Foner et Dresselhaus 1985, Schrosder,
Dresselhaus et Javan 1988, Mc ClLure 1971, Toy, Hewes st Drasselhaus 1973 et Sharma,
Johnson et Mo Clure 1874). La Table 2 reproduit la gamme des valeurs obtenues et actu-
ellemant acceptées. '

Les variations de 1'énergie le long des arftes verticales HKH de la zone de

0
Brillouin (k = 0) sont données par las formules pour ED ED et €., Egs. (I-2}, (I-3)

1t T2 3
et {I-4) (Fig. 73 : E? at eg correspondent & des nivesux d'énergie =imples non dégéné-
rés (sauf au point H), ED & un niveau dégénéré d'ordre deux.

3
Pour une valeur fixée de kz, les bandes de econductlon et de valence se tou-

chent sxactement a eg, mais pour différentes valeurs de KZ, ces bandes se recouvrant
légerement, avec un recouvrement maximum da 2|Y2|- Ainsi, le niveau de Fermi dolt se
trouver antre O et 2Y2- Cette disposition & pour conséquance 1l'existence, méme & 0K,
d*un petit nombre d’électrons libres occupant la bande de conduction, et d'un nombre
égal de trous cans la bande ds valsnce : c'est la raison pour laquelle le graphite

est appelé un semimétal cpompensé. Au volsinage des arétes HKH de la zone de Brillouin,

les valeurs de l'énergie s'écartent des valeurs E?, Eg et eg, et la dégénérescence
du niveau eg est levée. Dans le ces ol le param@tre Y5 = 0, les valeurs propres de

1'énergie, calculées & partir de l#ﬂ%miltonien 9% Eq.(I-1) , sont données rigoureu-
szment par :
a 0 0 0 -

£ + € e, - ¢ : 1/2
71 3,1 T Es 32 . 2 21 B
Elt[K,¢3 5 + > + 7 de [YO 2Y4 cos ¢)7.x (I-9)
ou
ED + eD eU - ED ‘ 7172
_ 2 A2 "3 3 2 27 _
€2t[K.¢] = = * 5 t 7 8o (YD+2Y4 cos §) K . (I-10)

A cetite epproximation, 11 n'apparait pas d'anisctropie dans le plan (kx,Ky], puisgue
1'énergie ne dépend pas de ¢ : les surfaces d'égale énergie sont alars des surfaces

de révplution autour de kz' Les relations de dispersion (I-9) et (I-10) permet-

tent de tracer les courbas donnant localement les variations de 1'énergie autour

de l'aréte HKH pour une valeur donnde de kz. La figure 7 indigue 1'allure de ces cour-
bes pour une valaur de k, corrsspondant au point [a}. Dn voit bien sur cette figure
comment la dégénérescence du niveau Eg est levés : deux des nivsaux, El_ﬂK] et €2+(K],
sont tangents en ag pour K = 0. L’introducticn du paramdtre Yé a podr effet essentiel
de faire apparaltre une modulaticon des surfaces d'égels énergie avec 1'angle polaire

o, de symétrie trigonale autour de 1'aréte HKH (voir Figs. 3,4 et 5). Cette madulation
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TABLE 2

Paramétre Gamme des valeurs actuellement admises
[eV)
YU ?.5 a 3.2
Yl 0.27 a 0.48
Y2 -2.018 & -0.,071
YB D.22 & 0.28
Y4 0.1 a 0.3
YS -0.003 & -0.0Z
A -0.008 &3 0.1

14



A+271+-275

¢+2y5 cosz¢

A“2y4f27'5 ' i € -A—Z);Icos¢+275 cos?

-n/Co 0 r/Cq

Fig.7

Energy/wave-number curves for graphite.

Variation in the parameters E?,Sg, and Eg aleng the zone edge HKH {¢ - kzc0/2). A negative
value of Yo and a positive value of A are chosen. At 0 K, electrons from the top of the
valence band 117 up states at the bottolm of the conduction band to the Fermi level ep

as shown.

The variation of energy with the basail component of wave-vector k is indicated, with states
labeled &s in the text.

(From I.L. Spain, "The Electronics Properties of Graphite", in "Chemistry and

Physics of Carbon", edited by P.L. Walker, Jr. and P.A. Thrower (Marcel Dekker,

Inc. New‘York, 1973}, vol. 8, p. 1).
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trigonale ("trigonal warping”) est tout particuli®rement importante prés du point
K daps la zone de Brillouin (£ = 0), mais devient de moins ern moins marquée au fur
et & mesure gue 1'on se rapproche du point H (€ = 1/2). Une telle différance résul-
ts de ls forme meme de 1'#smiltonien s.-w., PblEgs.(1-1)-11-8)], dans Tsquel Vs
apparait toujours en associstion aver le facteur cos(WE), Les plus récentes estima-
tions du paramétre Y3 (Sharma, Jahnson et Mg Clurs 1374 ot Dresselhaus 1874) sem-

blent définitivemsnt s'accorder sur une vaieur tfés volsine de 0.29 aV.

LE BPECTRE DE VIBRATIONS DE RESEAU DU GRAFHITE

Le modé&le de "semi-gontinuum” du graphite, initialement proposé par Komatsu
et Nagamiya (1851, 1954) et Komatsu (1855) pour expliguer la loi de variaticn en T2
de la chaleur spécifigue de réseasu & hasses températures, rend compis, avec un succl@s
remgrgusble, de la pluperf des propriétés thermiques du graphite, Nous pouvons ren-
voyer, par exemple, & l'exéellant article de revue de Kelly et Taylor (1973), parti-
culiérement complet et détallld. Dans cz mod®le, la graphite est traité comme un sys-
teme de membrangs élastigues falblement coupléss les unes aux autres. Les vibrations
possibles de ce systéme se séparent en deyx pcatégories approximativement indépendan-
tes : la premiers correspond & des déplacements d’'atomes dans le plan [vibrations
"dans le plan"), et les vecteurs de polarisation EQ[SJ et Et[EJ d'yn mode E sont res-
pectivement paralléle (vibration longltudinale, (%)) et perpendiculaire (vibration
‘transverse, (t)) a %L’ projection du vacteur d'onde E sur le plan (Fig. 8}; la secon-
de cetégorie correspond 3 des déplacements d'atomes perpendiculaires au plan (vibra-
tions "hors du plan®, (c)), et les vectsyrs de polarisation de ces modes sont dirigés
paraliglement & 1l'axe c (Fig. B). Les relatiors de dispersion s'éorivent, pour las

deux branches de polarisation (L) et (t) (Dreyfus et Maynard 1987} :

2 _ 52 2. 20,2 29 }
wy = Qg [Gx + Uy} 4 QE sin EZ b (I-11}
W = 02 6% v 0% v 4 0? el . (I-17)

t t Ux y T 2

- -
Dans ces expressions, q = [qx, qy’ qu, vacteur d'onde du phonon, est relié & & par

la relation 3 = [CO/ZJE, (c,/2) = 3.35 A est 1la distance interplan, Ql mt Qt sont

proportionnels aux vitessas du son, longitudinsle et transverse, Vg ® [CO/ZEQE, v oT

{c0/219t at Qg = 457 K, Qt * 280 K, et le coefficient Qg ~ 12.5 X (valeur ajustée a

la conductibilité thermique & basses températuras {Dreyfus et Mayneard 1967)) corres-
pond au couplage entre plans graphitigues qui provient des 1'interaction de van der
Waals. Les surfaces d'égale énergie das phormons (&) et (£} ant ure forme tros allongée

spivant 1l'axe ©, ellipsoidale pour w < 20 ® 25 K) et quasi-cylindrique pour w > 20

c z
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- > - . .
€ps By et £, vecteurs de polarisation correspondant

aux trois branches (&), (t) et {c). qL projection de a
sur Te ptan xOy. ER / ?i.; Et_L ai_(dans le plan x0y)
et Ec // 0z.

(D'aprés R. Maynard, Thése de Doctorat d'Etat, Grenoble,
1967).
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(Fig. 8-a). Cette forme treduit clairement le caractére bidimensipnnel de ces phonona:
iles vitesses de propagation, dirigées suivant les normales aux surfaces d'éguiénergie,
sont presgue toutes paralldles aux plans graphitigues. Dans 1'analyse du pouvoir
thermoélectrique et des divers coefficlents thermogalvanomagnétigues que nous présen-
tons dans cette étude, nous avons délibérément assimilé ces surfaces de dispersion a
des cylindres pour toutes les valeurs de w. Une telle approximation, qui condult a

des simplifications considérahles, reviant & annﬁler Q; dans las relations (I-11) et

(I-12), c'est-a-dire & négliger l'interactlon entre plans graphitiques : les relations

de dispersion des phenons (&} et (t) s'ecrivent alors, dans ce schéma "cylindrigue"

w, = vj ay s Jo= &, 0t (1-13)

R ) 5 ~ B 2 2.1/2 e
ol vy 2.01 x 107 om/s, v, 1,23 x 10 om/s et q) = (qx + qy] . La densité

d'états, Fj[mJ, par unité d’énergie et de volume, de la branche de polarisation

jl= £,t) augmente iinfairement avec w, et sst donnée par

Eo(w) = % > Y ) (T-14)
J ve (e /2)
J o0

Les phonons (¢} ont uns relation de dispersion plus compliquée (voir, par exemple,

Dreyfus et Maynard 1967) et présentent des surfaces d’égale 8nergis (Fig. 9-bJ
guasi-sphérigues dans le domaine des hasses températures [2 K & w g 180 K) : les vi-
tesses de propagation sont donc distribuées de manigre presque isaﬁfope, montrant
alnsi le caractérs tridimensionnel de gas phonons dans cette région. L'étude compldte
et détaillée des wvibrations "hers du plan” a été développde par Maynard (18673 en

vie de 1'analyse de la sonductibilité thermigue K(T], Cet autsur a montré que les
phonons (o) gontribuent seuls & K//. conductibilité mesurée parallélement & 1'axe c,
tandis que leur caontribution 3 SlJ conductibllité mesuree perpendiculsirement & 1'axe
c, est tres faible et négligesble par rapport & celle des phonons (£) et (t]. Cette
méme propri&té se retrouve dans l'analyse du pnénoméne de "phonon-drag” le long des
plans graphitiques : la contribution du mods (o) peut Btre négligée devant la contri-
bution des phonans (&)} et (t). Le premier argument qui conduit & 1'é&limination du

=

mode (c) est 1i& 3 1’existence des petitaes cristalliites & l'interieur des échantil-

lons de graphite "pyrolytique”. Celles-ci sont en forme de disgues plats dont 1ss
plans de bazss sont paralléles aux plans graphitiques st dant le diamétire d et 1'épais-
seur e sont tels qua d >> g. Cette forme des cristallites, vérifide per des &tudes

aux rayons X et au microscops &lectronicgue, permet d’expliguer la trés grande valeur
du rapport SL/K// = 102 & basses températures (Dreyfus et Maymard 1967). Avec une

telle forme de cristallites, les phonons {c), gqui ont un caract@re tridimensionnel
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95 |
(Co/2=3.35A)

*_"__rjl'/_(_C_o/2) o 7’7/_((_3g/_‘2")_

IV

-1/(Co/2) ) —7/(Co/2)
a o
(Dand(F) phonons  (c)phonons

1 — w < 25°K 1 — w< 2°K
2 — 4 = 25°K 2 — 2°KS @ S180°K
3—w 2 25°K 3— w 180 °K

4 — w 2>180 °K

Fig. 9

Surfaces of constant energy in a' space for "in-plane" and
"qut-of-plane" modes.

(From R. Maynard, Ph. D. Thesis (Université de Grenoble, 1967)).
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dans le domaine de température caonsidéré, ont un 1ibre parcours moyen de 1l'ordre de
la plus petite dimension e (Casimir 1938) et par suite beaucoup plus petit (dens 1le
rapport-%] que le libre parcours moyen des phormons (£) et (L), Un deuxizme argument
conduisant & 1'€limination du mode (c) est 1ié & 1'interaction électron-phonen : la
constante de couplage &lsctron-phonon pour la branche [a) est 6 fois plus faible gue

celle pour les branches (%) et [t) [(Sugihara et Sato 1953).

L’ INTERACTION ELECTRON - PHONON  DANS LE GRAPHITE

Le calcul de i'interaction &lectron-phonon dans le graphite a &té dévelop-
p2 par Sugihera et ses collaborateurs (Sugihara et Satoc 1963, 9Ino et Sugihara 15685,
t96B). Leur analyse, basse sur le modele de 1'ion rigide {le potentiel de chaque
atoms est supposé rlgldement fixé & 1'atome, et se déplace avec 1lui), fournit les
gléments de matrice M33+ pour la diffusion d'un électron d’un &tat initial ¥ vers
un &tat final Qﬁ par unKphonDn ce vectsur d’onde a} de polarisetion j et d'énergie
ﬁwa. Evidemment, les ssules collisions permises scnt celles pour lesquelles les lois
de canservation de 1'énergie et du moment sont satisfaites, & savoir :

> - >
k. G

th=Rr o+ G, : (7-15)
e * Hma = g . (I-1B6)

oli 1le signe + correspond & 1'absorpticn et le signe - & l'émission d'un guantum de
vibration de réseau. Les cgllisions pour lesquelles 19 vecteur du reseau réciprogue .
B esi nul sent eppelées "collisions normales”, tandis que celles pour lesguelles

G # 0 sont appelées "collisions Umklapp". Pour le cas trés général de processus de
diffusion €lectron-phonon "intravallées" et "intervallées”, mettant en jeu dgs pho-
nons des deux types, "dans le plan” et "hors du plan”, guatre éiéments de matrice
MEJ+ doivent &tre considérés. D'aprés Sugihara et ses collaborateurs [voir égale-
mgﬁt, Kaganov et Semensnko 1867), ceux-ci psuvent 8tre écrits sous la forme habituel-
le (Ziman 1961) .

=
P’IEJK = €@ . k-1 Bk kD, (1-17)

N T . . - - o
ofl Ej[ql est le vecteur de polarisation du mode q,%. Alnsi, si o = K-k, nous cbtenons
- > >
un facteur ej[q}.q, qui semble nous indiguer, & priori, rue les phonons transverses

(t) sont inefficaces & diffuser les &lectrons. En fait, cecl n'est pas exact dans le
cas dy graphite, ol la surface de Fermi toucha la limite de la zone de Brillouin ; la
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plupart des processus @lectron-phoncn sont en effet de typs Umklapp, of



I {T-18)

Evidemment, 1'éguation (I-18) ne s’'annule pas systémetiguement pour les modes trans-
verses. En conséguence, dans le graphite, les modes transverses dolvent contribuer
sgnsiblement de la méme maniére gus les modes longitudinaux & la oiffusion des Blec-
trons. La fanctiorli?ﬁlg}—g[], gul a les dimensions d'une énergie, est définie par la
transformée de Fourier du potentiel dil & un ion individuel et décrit essentiellement
la dépszndance angulaire de la transition entre les états K et Eﬁ envisagés. Sugihara et
sas collaborateurs ont montré gue, pour les processus "intravalléss® |, %gf[ghfﬁ|] est
proporticnnells & cosh, ol A est 1'angle entre ;l et EL (ﬁi = K2 = ki + Ki), tandis
gue pour les processus "iﬂtervallées",f?iig3~K]J ezt proportiannelle & sinf. La forme
particuliére de cette fonction joue unm réle importent dans notre &tude. En effet,

prés du régime de Kohn, c'est-&-dire pour E N ZQ%, ol ZKF ast un "diam@trs" de la sur-
face de Fermi, A & 7 =t sinA % 0, alors que |oosA| & 1. Puisque 1'objet de ce pré-
sent travail repose précisément sur 1'analyse de 1'interaction électron-phonon dans

le graphite au voisinage du régime de Kohn, nous pouvons donc raisonnablement négli-
ger les processus de diffusion "intervalléss”. 0'autre part, la présence du terme

cosh dans 1'expression des &léments de metrice pour les processus "intravalléds" con-
tribue de maniére appréciable 3 réduirs le couplage é&lectron-phonen pour les phonons
6loignés du régime de Kohn, c'est~&-dire pour les phonons tels que g < Zkgp. Cette
derniére remarque se révélera tr&s précieuse dans la suite de notre analyse. En d&fi-
nitive, les seuls processus de diffusion électron-phonon, qul sont efficaces pour
1'effet de "phonon-drag" dans le graphite le long des plans de base, résultent de
1'interaction entre les phonong acoustigues "dans le plan”, wj = Vj a9y Ej = (2] et(t}],
et les 2lectrons (et les trous) & travers les collisions “ing?avallées". Pour cette
classe de particules interagissantes, 1'€lément de matrice M%JQ3 s'ecrit, d'aprés

Sugihara et Sato [1963) : |

25 2 K c? q coszA
M i SR s (T-19)
| Wk =ked 28 p vy

ol § est le volume de 1'échantillon, p = 2.28 g/cm3 la densité du graphite et C la
constante de couplage électron-pheonon pour le mode de vibration “"dans le plan”

considére.
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ANOMALIE O'ECRAN DE KOHN DANS LE GRAPHITE

I1 est bien connu {Kohn 195%, Woll et Kohp 1962, Afanas'ev et Kagan 18963 et
Taylor 1963) gue, dans un métel, l'interacticn des @lectrons de condugtion avec las
vibretions de réseau gristallin peut ponduirs A4 des anomalies dams la 1ol de disper-
sion w[EJ des phonons. En particulier, dans lecas d'ume surface de Fermi sphérigue de

>
diamétre 2 k la dérivée de la fréguence m(E] par rapport & g presente une singulari-

Lé 1ogaritthQue pour les phonons gui ont un vegteur d'onde E tel que g = 2 KF' L'o-
rigine d'une telle singularité réside dans le comportement non-analytigue de la fanc-
tion de réponss didlsctrique du gaz c'électrons 4 g = 2 kF : la fapilité des électrnns
é.écranter une perturbation de nombre d'onde E chute spudainement lorscgue g adgmente
de 2 kF, ce qui entraine une aygmentation brusgue de la fréguence de vibration de
réseau w[al. Pour une étude détaillée de la théorie de 1'effet Kohn, nous pouvons
renvoyer aux exposés particuligrement complets de Pines (1864), Ziman (1965] et
Taylor (18703,

L'snomalie d'écran de Kohn se refléte également par des singularités dans
le coefficient d’abserption de phonon P[E), di au couplage électron—phanon; Natursl-
lement, il n'est pas surprenant gue 1'existence de singularités dans le specire d'é-
nergie de phonons georresponde & des singularités dang le coefficient d'absorption,
nuisque ces grandeurs, en raison du principe physigue de causalité, sont conjuguées
1'une & 1'autre par des relations semblables aux relations de Kramers-Kronig (Pines
1964 et Kaganoy et Semenenko 196§). Ainsi, lorsgue g = 2 kF’ le ccefficient d'absor-
ption T(g] présente une brusque discontinuité vers zéro.

Kaganpv et -Semznenko (186B8) ont montré cue le caractére de la singularité
de P[a] aq=2 kF (nous 1'eppellerons simplement "singularité de Kohn™) dépend d'une
manidre extrémement critique de la géométrie de la surface de Fermi. Dans ce chapi-
tre, nous nous proposons de discuter ce point en détall pour le cas perticulisr du
graphite, ol la surface ds Fermi est constituée par des "sipares" quasi-cylindrigues
d'électrons et ds trous [voir chepitre I). Nous allons voir gue, pour un tel cas, 1l
apparalt uns intensification abrupte de la singunlarité de Kabhn.

Le coefficlant d'absorption de phonon T[a] ast donné d'une maniére trés

générals par l'expression :

> 2
> 27 e e °
r(q) =-7H-+{K |m§>’%~,| AUk’ -k-q) 8(Ep, ~Eyp-tur) [FR»_F%,] , (IT-1)
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ol Ep est 1'énergie d’un électron dans 1'&tat k, £+ = £ (Es] la fonction de distribu-

1 > "k K
. 2 .
tion de Fermi-Dirac et [M% K,f le carré de 1'élément de matrice pour la transition

d'un électron de 1'8tat K vers &' aves absarption d'un phonon a et d'énergie Mma.
A[K’—?—E] est la foncticn delta ds2 Kronecker at la fonction S[EF,—EK~Hwa] traduit 1a
loi de conservetion de 1'énergie. AT = 0 K et dans la limite elastigue des collisions
€lectron-phonon, 1'expression (II-1) de F[E] se rédult simplement 3
o em g . )2 _
Ll = 2= Yoy %'MK,K*ET] SUER-FR) 8 - Bp) (17-2)
ol EF est 1'&nergie de Fermi.

La sommation sur ¥ dans (II-2) s'effectus alsément, =t nous obtenons

1 vl
M o ds
req) = 25y, 8 S (17-3)
W 3 S Ly TR .
{2m; L mF ﬁ|vﬁ|
K F
ol & est 1e volume de 1'échantillon, VK = V+EK la vitesse de groupe d’un electron.

dans 17’&tat k et d5 1'élément d’'aire sur 1a surface d'équiénergie EEK]

Comme 1'indigue clairement 1'éguation fII 3), la détermination de T[q ne-
cessite une connalssence précise de la forme gdométrigue de la surface de Fermi.

Blen gue la surface de Fermi du grapﬁite posséde une géométfie relativemant
compliguée dont la descripition mathématique n'sst pas simple (voir chapitre I3}, il
st possible dans une premiére approximation d'assimiler les différents "cigares" de
Fermi & das cylindres de révelution autour das arétes verticalss de la zone de
Brillouin. Nous avons alérs :

kL

For
K 2
m

[II-4}

ol my est la masss effective d'un électron perpendlculalre 4 1'axe ¢ et hL la pro-
Jection du vecteur d’onde k sur le plan éguatorial k = 0. L'intégration (IT-3),
compte-tenu de (IT-4), conduit & une divergence du DoefFicient d'shsorption FEE} et
1/ 4ﬁEF - qi & la condition de Kohn ql_= 2 KLF' En d'autres termes., las phonons qui
sont situés au volsinage du régime de Xobn [(nous les appellerons simplament "phonons
de Kohn") sont trés violemment couplés avec les &lectrons [T[E] » «). Pour voir 1'o-
rigina physique de la divergence de P{q) a 9y = 2 ﬁLF’ reportons-nous & 1'éguation
(I1-2). Celle-ci nous 1md1qua que F[q] n'est pas nul seulsment pour les valeurs du
vecteur d'onde de phonan q telles gue la surface de Fermi EK = EF coupe la surface
identique E?+E = Ep déplacee de —a (Fig. 107,
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| ' 1 seul point de contact
- a la condition de Kohn
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ligne de contact a q;=2 k| F
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A la limite, lorsgue les deux surfsces prennent contact, c'est-a-dire pour E = 2 KF‘
F[EJ présente une singularité dont le caractdre est étroitement 1i8 & la nature du
contect, Dans le caes du modéle cylindrigue de la surface de Fermi du graphite, le
contact des surfaces Ey = E_ et Ex > = E_ A =2 k

4 F k+3 FEEL wF +
c'est cette multiplicité d'étets qul conduit & la divergsnce de Tlqg). Par contre,

a'établit suivant une ligne

dans ls cas das 8lectrons librss, ¢'est-a-dire pour une surface de Fermi sphérigue,
1'intersection cdes surfaces & 3 =2 KF se réduit 3 un point, et la singularité de
P[E] se caractérise par une simple dlscontinuité finie. Dans ce dernier ces, les
“phonons de Kohn" ne jousnt pas de rdle privilégié. Une telle remérque nous am2ne na-
turellement & penser que la moindre déformation au modéle cylindrigue de la surface
de Fermi du grepnite doit changer de maniére radicale le comportement analytique de
T3 au voisinage de la conditiorn de Kohn.

Afin d'étudier la stabilité des résultats avancés qUanf au rils prédominant.
joué par lgs "phonons de Kohn" dans le graphite, nous avons repris le calcul ds F[g]

pour le cas d'une surface de Fermi ellipsoldala, de révolution autour des ar@tes de

‘la zone de Brillouin et de mdmes dimensicns gue la surface cylindrigue précédesmment

considerée. Nous avons alers la relstion de dispersion

2
N hzT{L. 2k
Ep = ElRp.k) = 5 =,
' z ml 2mZ

(II-5)

ofl ny et m sont les masses pffegtives respectivement perpendiculeire et paraligle a
1'axe o. L’intégration (II-3], compte-tenu de (IT-5), conduit & une singularité de
T(E) a 3 = 2 KF gui se réduit & une simple discontinuité, exactement comme pour le cas
d'une surface de Fermi isotrope. A oe stade, les "phonons de Kohn® n'ont eucun réle
particulier. Cependant, la foncticn dont nous avons besaoin dens 1'étude des proprié-
tés de transport n'est pas T(E], mais plutdt I'(wl), la valeur moyanne de FEE] sUr Una
surface d'Bquiénergie de phonon ma = w = constante, Or, dans le graphite & basses
températures, ncus avons une situation tout & falt remarquable, an ce sens gue les
surfaces d'égale énargie des phonons polarisés dans les plans graphitigues sent prati-
guemsnt cylindriques pour toutes legs valeurs de & (voir chapitre I). L'anisotropie
combinge de la surface de Fermi et du spectre de vibrations de réseau conduit & un
maximum aigu de I'(w) pour les phonons de Kohn. Peur voir ce résultat simplement, nous
pouvons établir dans 1'espace des 5, ung comparaison directe entre la surface lisu

>
géométrigue des points simguliers de T(q) & § = 2 K_ (cette surface est appelée 1a

F
"surface de Kohn"} et une surfase d'éguidnergie ds phonon w = ngl-[Fig. il]. Par

>
suite de la coupure dans T'(g), les seuls phonens d'énergis He gui sont effectivement

couplés aux électrons sont situés sur une petite portion du cylindre d'éguiénergie

Ww = constanta, de hauteur 2 qgax_

> ' - max "
I'lg) sur le segment 2 q, : 26

Mlw) est alors défini comme la valeur movenre de



Surface
[ . .
' d equienergie

f (o:Csle

F1g.17

Surface deKohn=2 &F

qlL Y2 {9z \2_
()™ ()=




+a,
1
Tlw) = EE?TE:?ET ‘qmax F[EL,QZquZ . (II-8)
"z

31 Wy est la fréguence maximale des phonons effectifs, la Figure (11) mon-
tre clairement gue pour W A wK un nombre trés important de phonens se situe pres de
la eonditipn de Kchn. Par coptra, pour w < W CR nombre diminus rés rapidement. Les
conditions nécessalres pour obtenir un pic esigy de I'(w) au voisinage de la condition
de Kohn w = W, sont dong satisfaites. Nous avons illustré sur la figure (17) les ré-
sultats obtenus pour T'(w) dans les deux modgles (oylindricue et ellipsoidale} de 1a
surface de Fermi du graphite, 8 T = 0 K et dans la limite élastique des enllisions
&lectron-phonon. Bian que les formes analytiques de I'(w) soient trés différaentes, il

apparalt une propriété garactéristigue commune aux deux cas &tudiés : Tlw] présente

un maximum aigu au volsinage da W = Wy (pour le.cas cylindrigue, Tlw) = FEqLJ diverge
prés de cette valesur). Les "phonons de Kohn® o R W sont donc trés violemment couplés
aux &lectrons dans le graphita. C'est cette propristé des "phonons de Kohn” gue nous
avons utilisée dans lgs chapitres suivants pour analyser le phénoméne cde "ohonan-drag”
dans les effets thermoélectrigues ot tharmomagnétigues du graphite : le pic de T{w)
prés de la copdition de Kohn ge refldte dans ces effets par le faif gus nous pouvons
argumenter gue les sguls phonons entrainés par les électrons sont les "nhoneons de

Kohn".
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CHAPITRE III
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ANALYSE DU POUVOIR THERMOELECTRIQUE DU GRAPHITE A BASSES TEMPERATURES
EN L'ABSENCE DE CHAMP MAGNETIQUE

Dans ce chapitre, nous présentons une analyse théorigue du pouvoir thearmo-
électrigue, S = S(T), du graphite & basses températures, en 1l'absence de champ magné-
tigue. Cependant, avant d'aborder le déteil de 1l'exposé, nouys trouvons intéressant de
rappeler bri&vement l'arigine de 1'effet thermocélectrique. Pour une revue compléte,
nous rgnvayons aux excellents ouvrages de Mac Donald (1962) et de Barnard [(1872). Un
gradient de températurs ﬁT appliqué & un conducteur en 1'absence de %fout champ élec-
trigue, donne naissance, en général, non ssulement & un courant de chaleur, mais éga-
lement & un courant électrique effectif, appelé "courant thermoélectrigue” ("approche
Seeback”). 3i AV est la "force thermoélectrigue absolue” du conducteur, le pouvoir
thermoélectrique absolu (on 1'appelle aussi coefficient Seebeck), S, est défini par
(Fig. 13)

LI, w0
ilﬂ ——t == AT

ol 3 est généralement exprim2 en microvolt

(ITI-1)

par degré. Analytiguement, i1 est préféra-

Conduc[“eur‘ I AV ble, dans beaucoup de cas, de traiter les

effets thermoélectriques en accédant 3 la
définition (III-1) du pouvoir thermoélectri-

gue de la manidre suivante : le conducteur,
-

Y placg dans des conditions iscthermss VT = 0O,
T+AT L ===} -

-

2>
est soumis & un champ &lectrique E (“appro-

che Peltier”) (Herring 1854 et Herring,

Fig. 13 Geballe et Kunzler 1956). Si U désigne la

.
densité de courant de chaleur st J la densité de courant électrigue, les équations

3
de transport s'@ecrivent alors simplement (VT = 0) (Ziman 1985)

-5
J

= ok, (ITI-2)
> -
U= mnJ, (IT71-3)

el ¢ est la conductivité éiectrigue et 7 le coefficient Psltier. S ot T ne sont pas

indépendants, mais connectés par la relation de Kelvin-Onsager de la Thermodynamigue

31




des processus irréyersibles (Onsager 1931),

T, (II1-4)

ce gui nous epselgne gue les appraghes "Sasheck” at "Peltier" & la définition du
pouvolr thermoélectrique sont éguivalentes.
Dans certaines copditions, S peut s’exprimer cpmme une somme de deux contributions

principales
3=8 + 8 . (III-5)

S5 &8st la composante de diffusion &lectronicue, gui provient de 1'effet direct du

>
gradient de temparatyre VT sur les électrons. S est lea composantg dite de "phonon-

drag", qui résulte de l'interaction entre le aygzéme d'édlectrons et la distribution
de phonons nan en éguilibre sous 1'influence de $T. C'est 1l'entralinement des élec-
trons par le courant de.phanons, créé dans le réaeau par le gradient de température,
qui constitue ce gque 1l'pn eppeslle 1'effet de "phonon-drag”, ou encore "effet Gurevich”
(Guravich 1845, 1948), Cet sffet peut modifier radicalement la variation en tempéra-
ture et l'amplitude du peouveir thermoélectrigue. Cependant, il n'est observabls expé-
rimentalement gue si les phonons spnt heaucoup plus fortement diffusés par les élec-
trons que par tous les autres processus de relaxation auxquels ils peuvent participer
{impuretés, défayts, limites de 1'échantillon, interaction phonan-phoncn}. Une telle
situation ne peut évidemment &tre rfalisée que dans gertaines conditions, & savoir
(1) le condusteur doit 8tre placé 3 basses températures, (2) &%tre de bonne gualite,
(3] aatisfaire un état de grande pureté, (4] avoir des dimensions reisonnables, et
enfin (5) posséder un ooyplage électron-phaonon suffisamment intense.

Les mesures du pouvoir thermoélsctrique, S(T), du graphite, effectuées per-
pendiculairament & 1'axe c, c'est-a-dlre suivant la direction des plans graphitigues,
ont 2te réalisées jusqu'a ge joyr par un certain nembre d'auteurs, tant sur des moro-
cristaux naturels purifiés que sur des échantillons pyrolytigues trés blen orienteés
(Rasor 1955, De Combarisy 1868, Takezawa, Tsuzuku, Ono et Hishiyama 1869, Tamarin,
Shalyt et Volga 1868 et Tsuzuky, Takezawa, Hishiyama et Ono 1972). Les diverses cour-
bes obtenues sont montrées Fig,(14). Elles présentent toutes une ressemblance remar-
queble dans leur forme 1 S5(T} est fortement négatif & basses températures, aves un
minimum trés accentué apparaissant vers envircn 40 K. La valeur de ce minimum varie
g'un échantillan & un auire, suivant les auteurs, entre -10 UV/K et - 30 pV/K. C'est
ce compartemsnt anormal du pouvoir thermnélectrique du graphits que nous nous propo-
sons d'analyser dans ce chapltre. Nous montrons gue 1'introduction de 1'effet de

"phonon-drag” permet d'interpréter de maniére tout & fait satlsfaisante la variation
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de 3 en fonction da la fempérature. Cette interprétation a &té confirmée récemment
par ‘ie fait ques le minimum de S(T} vers 40 K se trouve {r&s fortement augmentd en
présence d’un champ magnétique (Takezawa, Tsyzuku, Ono et Hishiyam@ 1971 et
Takezawa, Mangez, Hawes, Dregselhaus =t Tsuzuky 1873). Nous discuterons ce derniler
point plus en détail ay chapitre V.

.L'etude proposée ici rapose essentiellement sur i'analyse du couplage
élactron-phonon dans la graphite au voisinags dé la condition de Kghn. Comme nous .
1'avons souligné au ghapitre II, les phonons dont le veoteur d'onde E gatisfait
la conditicn a = 2 R; , Ol E} ezt le vecteur d'onde d'un &lectrom & la surface de
Ferml, sont trés violemment couplés aux électrons dans des oristaux tels gue le
-graphite o 1'anisotropie de la surface de Fermi et du spactre de vibration de ré-
seau est extrémement grande. Le cosffipiemt d'atténuation acoustique, calculé pour
deux modeéles possibles de la surface de Fermi du graphite (cylindre et eliipsoide
allongé), présente un maximum aigu peur les phonons dans le régime de Kohn. Le flou
fhermique des contours da la surface de Fermi qui-s'établit, avec l'augmentatian
de le température, sur un intervalle d’énergie de 1'ordre de KBT, CDﬂdUiF & uﬁ af-
faiblissemant de 1'amplitude de ce pic suivant upe lod en T;%. La validité de ces
résultats n'est pas affectée de manidre appréciable lorsgue la déformation frigona—
le cde la surface de Fermi du graphite est prise an considération. En supposant. que
les seuls phonons effegtivement, entrainés sort ceux situés dans le régime de Kohn;
nous trouvons yne contributicn maximum & la composante de "phonon-drag" dy pouvoir

.

thermoélectrigue & une fempérature
T, = e 2 43,5 K, - (IT1-6)

ofl HmK est l'énergle des phongns de Kohn. En dépit de nombreusss gsimplifications
adoptées dans les calculs, um accord satisfaisant est abtenu avec las résultats
expérimentaux, moyennant l’utilisatian\d'un seul param@tre ajustable. Le modéle
donne, enfinm, une deé@ription Cﬁfrecte du signe négatif de 1'anomalis thermoélec-
trigue, et.se trouve ainsi en faveur de la nouvelle affectation des &lectrons au
volsinage du point K le leng des arétes de la zone de Brillouin (Schroeder,

Oresselhaus et Javan 1968).
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En conelusion, nous devons insister sur les deux résultats fondamentaux

gue nous révalent la présente Btude, & savoir que

(1) 1g pic & T = T, dans le terme de "phonon-drag” du pouvoir thermoélectrigue pro-
P K g P

vient de la strucfure bidimensionnelle du graphite ;

{2) la décroilssance de ce terme pour T > T, ne provient pas des interactions anhar-

K
manigues, comme 1l est ginéralement invogué dans un tel contexte, mais de 1'&lar-
gissement thermique des coniours de la surface de Fermi gqui croit avec la tempéra-

tura et diminue la force de couplage électron-phonon.
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This paper is principally concerned with the electron-phonon interaction near the
Kohn condition (q = 2Kg) in crystals such as graphite, where the anisotropy of both
the Fermi surface apd the vibrgtion spectrum is extremely large. By neglecting the
frigonal warping of the Fermi surface of graphite, the inverse phonon lifetime is
evaluated and is found to haye a sharp maximum for the phonons in the Kohn regime.
With increasing temperature, the thermal smearing of the Fermi surface leads fo
a lowering of the magnitude of this peak which decreases approximately as T 1.
The prepious conclysions seem to remain valid when the trigonal warping is taken
into account. By arguing that the effectively dragged phonons are just the phonons
within the Kohn regime we have found that the phonon-drag component of the
thermoelectric power reflects this strong coupling. In spite of numerous approxi-
mations in the calculations, a one-parameter fit to the experimental resylts seems
to give satisfactory agreement. The model furthermore predicts the right negaiive
sign of the thermaelectrie anomaly, provided the new carrier assignment of Schroeder
et al. is used, '

1. INTRODUCTION

A number of measurements' ™ of the thermoelectric power (TEP) of very-
well-oriented, nearly ideal graphite crystals at low temperatures have been
reported. The curves exhibit an anomaly near 40°K which at first suggests a
phonon-drag contribution to the TEP.

This paper deals with a theory of the glectron—phonen interaction in graphite
near the Kohn® condition q = 2ky and suggests a probable phonon-drag contri-
bution to TEP. In Section 2 we shall show that phonons near the Kohn condition—
which we shall call Kohn phonons—are strongly coupled to the electrons when
the extreme anisotropy of both the Fermi surface (FS) and the vibration spectrum
of graphite is taken into accaunt explicitly. Of particular interest in this connection
is the limiting case of a cylindrical FS. The damping rate, I'(q) of the phonon q
(proportional to the imaginary part of the polarization operator) diverges like
(4k7, — q1)” '* where ¢, is the component of the phonon wave vector q on the
graphitic planes and 2kg, is the dlameter of the transverse cross section of the
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cylindrical F'S, This result is not exact because it is obtained in the elastic approxi-
mation where the phonon energy transfer between the two electrons is neglected,
Despite this simplification, the result clearly shows the physical origin of the
strong coupling of the Kohn phonons. I'(q) is proportional to the initial and final
density of interacting electronic states which satisfy the conservation laws of
energy and momentum. These densities may be represented on the FS by finding
the intersection of the FS and another identical surface, shifted by —q {(in the
elastic approximation). At the Kohn condition, this line collapses to a point for a
-corrugated FS, whereas it persists in the cylindrical case. It is this multiplicity of
states which leads to the singularity of T'(g) at g, = 2k, 1 - When the inelasticity
of the scattering is taken into account, I'(g) no longer diverges, but a large peak
nevertheless subsists near the Kohn condition.

It is tempting to use this model for graphite although its applicability will
depend to a large extent on how well the graphite FS can be approximated by a
cylinder, Any deviation from this simple geometry (such as an elongated ellipsoid)
radically changes the analytical behavior of I(q) near q = 2k;. (For instance,
Afanas’evand Kagan® have shown that da(q)/0q hasaroot singularityatq, = 2k,
in the cylindrical case. This singularity becomes logarithmic when some corrugation
of the cylindrical FS is introduced.) We start in Section 2 by neglecting the trigonal
warping of the FS of graphite and by considering the elongated ellipsoids which
are tangent to the belly of the cigar-shaped FS. For this case I'(q) is of the usual
form, with a simple discontinuity at q = 2k, as in the isotropic case. At this stage,
the Kohn phonons do not play a privileged role. However, what we need for the
transport properties is I'(es) instead of I'(q) which is some average value of Flg)
over a constant energy phonon surface fw(q) = hw. For graphite, we find at this
point a peculiar behavior in that the phonon surfaces (polarized in the graphitic
planes) are practically cylindrical in the temperature range of the TEP anomaly
{=~40°K). Anisotropy of the vibration spectrum combined with the anisotropic
electron gas thus leads to a sharp peak in I'(c).

In Section 3, we consider the thermal variations of I'(w). While in an ordinary
metal T'{w) does not depend on T, temperature dependence is possible in a semi-
metal like graphite, where the Fermi energy is of the order of 250°K. The thermal
smearing of the FS involves an averaging procedure within a range of energy kT
around Eg, and so the peak of ['(w) is spread out. We find by means of a simplified
calculation that the maximum of I" decreases as T~ !, ‘

In Section 4, we discuss briefly the effect of the trigonal warping and conclude
from a geometrical argument that it does not drastically change the previous
conclusion.

Starting from the usual expression for the phonon-drag TEP, it is shown in
Section 5 that the peak in I'w) near the Kohn condition can be reflected by the
phonon drag if we suppose that the single phonons dragged by electrons are Kohn
phonons. A very simplified theoretical expression of the TEP has been deduced
and provides a good fit to the experimental results. The negative sign of the TEP
anomaly is correctly predicted and favors the new carrier assignment of Schroeder
et al”
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2. LIFETIME OF PHONONS NEAR THE KOHN CONDITION

Sipce 1957, the band structure of graphite has been described by the model
of Slonczewski and Weiss,® which needs six overlap parameters fitted to the
galvanomagnetic measurements. From this, one obtains a very anisotropic F§,
where the electrons and holes are situated on the fluted cigars of the FS along the
vertical edges of the hexagonal Brillouin zone. Recent studies of Schroeder ¢t al.,”
using magnetoreflection measurements, indicate that the electrons are located at
point K of the Brillouin zone instead of holes as previously assumed. The current
evidence for this new assignment, supported by the analysis of Spain” and Kechin'®
of the galvanomagnetic data, is now very strong and we will adopt it in the following
treatiment. The bands in graphite are quite complex, involving nonparabolic
energy wave- -veetor relationships and trigonal warping perpendicular to the ¢
axis. This last effect is controlled by the v, overlap parameter which couid be
quite large.'t This, however, complicates the treatment of the phonon-electron
interaction considerably and we will neglect it at first (this approximation will be
discussed in Section 4), Besides, for the evaluation of the phonon lifetime near the
Kghn condition that we have in view, we do not need the whole energy spectrum
of the entire FS, but only the dispersion relation in the neighborhood of the
maximal transverse cross section of the FS. By replacing the real FS by the elon-
gated ellipsoids tangent to the belly of the cigars, we can use the simple dispersion
relation

h2k2 W2z .
k, k. . 1
ok ) 2ml * 2m, M)

With this, only two parameters are needed to characterizo these portions of
the FS: the anisotropy ratio o* = m_/m, and the maximum radius perpendicular
to the ¢ axis, k,, {more exactly, k;, has to be defined as a mean maximum radius,
when the frigonal warping is taken into account). The values of these parameters
can be deduced from various experiments; for example, in the ]ight of the new
assignment interchanging electrons dnd holes in the Soule et al.'? paper, one can
use the following values:

for electrons: o =17,  ky, = 142 x 10°cm™", m, = 0.057 g
for holes: o =121, kp = 121 % 106 et om = 0039 g,

There are two distinct classes of acoustical phonons: the *in-plane” vibrations
with two-dimensional character and the “out-of-plane™ modes, For the former,
the dispersipn relation (q) is nearly cylindrical: @ = vg, when w is larger than
25°K ; the “*out of plane” branch is more complicated (the index 1 refers to the
component in the plane perpendicular to the ¢ axis. v, is the sound velocity),

To describe the interband and intraband transitions by the two types of
phonons, four matrix elements must be considered. These matrix elements have
been evaluated by Sugihara and Sato'? in the hard-ion approximation and can
be written in the usual way

gt % £a)- g0k’ — K)
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where g,(q) is the polarization vector of the u mode and C(|k’ — k|) is a function of
the scattering angle of electrons (k' = k -+ q). These authors have found Cijk’ — k)
proportional to cos A for the intraband transitions and to sin A for the interband,
where A is the angle between k) and k', . This particular form is due to the existence
of a trigonal symmetry and to the position of the FS on the edges of the Brillouin
zone, Near the Kohn regime, A =~ n and |cos A] ~ 1, whereas sin A ~ 0, and
consequently the interband transitions can be neglected. Elimination of the
“out-of-plane™ phonons also seems reasonable: the electron-phonon coupling
constant of this branch is quite negligible** and from thermal conductivity measure-
ments parallel to the basal planes the mean free path is approximately 100 times
shorter than for the “in-plane” phonons.* *Qut-of-plane” phonons are therefore
neglected in the present calculation.

For this restricted class of transitions, the matrix element of the electron—
phonon interaction is, following Sugihara and Sato,!?

h
lgtel® = 2vasqlcz cos? A 2
The acoustic absorption coefficient is calculated according to the usual
relation '

2
M@ =5 3 ulAK — k= @btac — o~ ho)(/2 -/ @)

where f| is the Fermi distribution function and the other symbols have their
conventional meaning. Now, let us consider the simplest limit where the inelasticity
of the collision is neglected and let T = 0°K. Then, we can approximate &g, —
&, — hwg) by dlex+q — &) and fY — f¥. by hwd(e, — 7). By means of a straight-
forward integration over the whole ellipsoidal FS, one gets

2n 0 m?

Zho gt P Lo forg <2k .
() = A qigk,k | 42 ﬁ4q, 4q F.L @)

0 forq = 2kp,

with
1
g% =gt + ?qi

Note that cos® A has been treated rather crudely since it depends on k, and it
was left out of the integration which leads to relation (4). The main effect of cos® A
is to reduce I'(g) for the phonons far away from the Kohn condition. This may
be seen in an approximative way, from the expression

, 0. \7?
cos? A = [l — 2(2!@-1) :| (5)

More important is the discontinuity of I'(q) at ¢’ = 2kr,, which defines a

surface in the phonon space:
2 2
QJ. QZ
=1 6
(21%) N (2@) ©)
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On this surface, all the phonons are just within the Kohn regime and cal-
liper the FS (we will call it after Roth et al.'® the Kohn surface). In our case the
Kohn surface is an eilipsoid whose sgmiaxes are just twice as large as the semiaxes
of the simplified FS.

The most interesting function for the transport properties that we have in
mind is not I'{(g) but rather I'(w), the mean value of I'(q) on a constant energy
phonon surface = const. We define the average value I'(w) as :

ds \
J m"?ﬂ’ﬁﬂq)
r(w) = r.\'x(ﬂ)) — m=consl |'q

(7)

X

XX
qv(l

= const quJ
where the weighting factor dS(v)*/iv,| represents the effective number of phonons
in the x direction, parallel to the electric current (v, is the group velocity of the
phonon q), Expression (7) for I'(es) is related to the variational solution of the
Boltzmann equation for transport problems due to Ziman.'®
Now, let us see how Iw) is able to reflect the cutoffin I'iq). To do this we make
a direct comparison between the Kohn surface and a cylindrical constant encrgy
surface of ““in-plane™ phonons (the height of this cylinder is equal to 2a/cy, where
cq = 3.35 A is the graphitic interplane distance). Dug to the cutoff in T{g), those
phonons of energy w which are effpctively coupled to the electrons, are situated on
a small cylindrical portion of the equiencrgy surface ¢ = const inside the Kohn
surface. Let 2g7** be the height of this portion (47" is obtained by the equation
q = Z'IJ'cF'L for a fixed value of q,) and let @y be the maximum frequency of the
effective phonons, With decreasing «w from oy, ['(ew) increases very rapidly just
like ¢™* while the other terms included in formula (4)--and particularly cos® A--
tend to decrease I'(w). The conditions for obtaining o sharp pealk of Ulw) near the
maximum frequency ey are thus fulfilled. For cylindrical constant energy phonon
surfaces, () is simply equal to the mean value of I'(q) on the 2¢™* segment

e
M) f 44,14, .) ®)

77O -

where g, has a fixed value equal to w/v,. As the ¢. dependence of I on this segment
is very small, we will neglect it and write

zqmax
1 ~ T .0 L 9
(o) =Ty, )zn o {9)
With (4) and (9) one obtains
co C* my g, V212
Mol = 2 qula’*[l - 2(2&) } 4kt = g (10)
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Near the Kohn condition, one can expand I'(w) as a function of the new
variable: # = (w/wg) ~ 1 = (g,/2kp;) — 1. In the lowest order, we find

Clew) = y(1 + 9n) Rel(—21)"""] (11)
with '
e 2 2 :
y = % % %kﬁ &2 (for one ellipsoid).
Re(...): real part of (.. .)
This function has a maximum value at #,,, = —1/27 and T',, = 0.181y.

The values of the different parameters which appear in (11) are obtained from the
resistivity analysis of Ono and Sugihara:!”

C =30.1eV, p = 226 g/cm®, and ¢, = 3.35A (12)

For the electrons one must consider two ellipsoids, while four are required for
holes. Since y is proportional to «?m3 and since the anisotropy is more pronounced
for the eiectrons than for holes (17 instead of 12.1), the amplitude of the peak of T’
is larger for electrons than for holes. One obtains, therefore, y, = 94.2 x 108 57!
for electrons instead of y, = 34 x 108571,

3. INELASTICITY AND THERMAL SMEARING

The I'(w) function is cuf off at g and is sharply peaked near this value so that
one can expect a great sensitivity of the damping rate to any smearing of the
FS. By taking first the inelasticity we have to modify the previous calculation in
two ways. (1) The phonon energy transfer in the & function should be restored, thus
ensuring the energy conservation rule: Ao 14 — & — heny) instead of 8(ey 44 — &)
Since v,/vp is small (=~ for the graphite) this modification is of no consequence and
will be neglected. (2) The Fermi factor f°(g) — f°(e;, + hew,) must be treated more
correctly. Instead of considering this factor as a § function, which involves only the
FS, we must average I'(w) in an interval of energy hw near gp. (For instance,
&) — [k + hoy) is just one when &, is between g — hoy/2 and &p + h,/2
and zero clsewhere. Then, the £ dependence of T needs to be considered explicitly :
T, €). In fact, it is simply expression (11) with kg, replaced by ky, = (2m,e/h?)}/?
where ky, | is the radius of the transverse cross section of the ellipsoidal equienergy
surface & [Then the expression (11) can be rewritten as: [{cw, &7).]

If we now consider the thermal smearing, the rapid ¢ variation of T'(ew, &) near
er excludes the use of the classical formula which involves only the second deriva-
tive of I" at &,. Actually, the simplest treatment consists of averaging I'{e) in a small
interval of the order of k, T near e. So let us define

' 1 er+kpTi2
MNw,T) = - del{w, €) (13)
. - kBT er—kaT/2 ’

By comparing both these effects, one can distinguish two ranges of tempera-
ture for Y'(ew, T). (1) Low temperatures T < Ty = 43.5°K, where the thermal effect
is negligible compared with the inelasticity. I'(w, T) is then temperafure invariant
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and can be approximated by IM'*(w) = [w, T). (2) Higher temperatures T > Ty,
where the thermal smearing of the FS prevails over the inclastic smearing. Here,
I'(w, T) must be calculated from {13). Let us expand (11) near &, and Wy 4s a func-
tionof y = w/wy, — 1 and x = gfep — 1;

Tlen, €) = T, x) > 7 Re {(x — 2m)"/*(1 — dx + )] {14)

tfor x = 0 or & = ¢ one can find (11} again].
The calculation of the thermal average T{w, T) is straightforward, from (13)
we get:

Tr
D@, T) = T, T) = yZpalr, T) — y-(, T)]

2 T \3/2 I3 T 572
+ aT = =(1 doe — — = —
s = e[S nf a7 a2
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Fig. 1. The ellipsoidal Fermi surface. The inverse phonon lifetime Ies, T)
according to formula (13) as a function qf # = (w/jwg) — 1, the relative
departure of the frequency from the Kohn frequency my. Curvesa, b,and ¢
correspond respectively to the temperature T = T = 43.5°K, T = 2 T,
and T =3 Ty. The theoretical curves were stopped at low frequency
(large negative value of n) whare the 4 expansion is no longer valid.
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This function is represented in Fig. 1 and shows a general lowering of the peak
with increasing temperature. One can estimate this decrease by calculating the
coordinates of the maximum value Iy, and #,,. In fact, when T > 0.218 T;, x,, is
between — T/4T; and + T/4T; where y_(n, T)is 0. Then, we have ,, = —0.103 -
0224 T/Tp and y, (myy, T) = 2.5 x 1072(1 + T/4T;)%2,
Neglecting T/47; in the last expression (since T = 230°K for graphite) and
with the numerical values of (12), one finds for the two electronic cllipsoids
' 12,5 % 108 T< Ty .
I_\max(T) = { T (16)
12,5 x 109‘}’5 T> Ty

It may now be interesting to compare this result with the one we obtain from a
truly cylindrical FS which exactly surrounds the previous ellipsoid, This has been

L -
M, T
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Z v <
0 x 0] FERMI SURFACE
LERé L .
> - T3]
I- =z
e
[ -3 7]
2 5
=
25 >
g m
- c
O
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3]
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|
LJ
0 1 l |
-24 -12 0 ) 12 24
_9s
(15 | Nx10

Fig. 2. The cylindrical Fermi surface, The inverse phonon lifetime e, T)
according to formula (A4) as a function of n = {w/wg) — 1, the relative
departure of the frequency from the Kohn frequency wy. Curves a, b,
and ¢ correspond respectively to the temperature T = Ty = 43.5°K,
T=2T, =87"K,and T = 3 Ty = 130.5°K, The theoretical curves were
stopped at low frequency (large negative value of n) where the 5 ex-
pansion becomes invalid. Note that the scale of the inverse relaxation
time is a hundred times larger than on Fig, 1,
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done in the appendix. In this case, the elastic approximation leads to a real square
root divergence at g, = 2k, . :
Furthermore, for reasons of symmetry, 1'(q) depends only on ¢4, .. One can
then drop the averaging procedure (7) on the constant energy phonon surface:
I'(ew) = T'(q,). Although the mathematical expression of [, T) is different from
(15), the general shape is nearly the same with a peak value near g; = 2kp, asis
shown in Fig. 2. However, it is important to mention that the absolute valuesof I
are about 30 times greater than those of Fig. 1 for the same values of the para-
meters (note that phonons continue to be well defined—even, at the maximum
value, the ratio I, /o ~ 0.01), A small cylindrical portion of the FS is gnough to
produce a strong electron—phonon coupling at the Kohn condition. It is thus
possible that some semimetals, like bismuth whose FS§ is very glongated; may be
treated in a similar way although phonon gas isotropy will introduce differences.

4. THE EFFECT OF THE TRIGONAL WARPING OF THE FS

All the preceding results have been obtained with the assumption of a circular
cross section of the FS. But the observation of a large number of cyclotron reson-
ance harmonics by Williamson et al.'' indicates that the trigonal warping is very
large. We have reproduced in Fig. 3 the maximum cross section of the electron FS
due to Ono and Sugihara'® for y, = 0.2¢V (y, is the overlap parameter which
controls the trigonal warping in the Slonczewski-Weiss model). This contour has
been obtained by these authors from a fourth-order secular equation which can
be solved only numerically. The calculation of the phonon damping rate I' for
such a FSis a difficult task, since it requires laborious numerical computations and
we prefer to discuss this effect from a geometrical point of view. To do this, the
contour of the cross section of the Kohn anomaly surface for the warped FS has
been constructed point by point by connecting the callipering pairs of states such
as AB in Fig. 3 on the 'S, where the group velocities are antiparallel. (Other sheets
of the Kohn anomaly surface corresponding to parallel group velocity pairs of
points, such as BC, are not outlined in Fig. 3 because they give shorter Kohn
wave vectors.) This contour has a sixfold symmetry (the initial trigonal symmetry
multiplied by the inversion symmetry) and consequently is less anisotropically
distorted than the original FS. Now, il T'(q) does not differ strongly from the
previous relation (4), the evaluation of T'{w) needs a supplementary averaging
procedure, using those portions of the circular phonon equienergy surface cut out
by the rosette of the Kohn surface. This leads to a broadening of the peak of I'
between the maximum radius and the minimum radius of the rosette, In fact, a
glance at Fig. 3 shows that the dispersion of the Kohn surface radius ¢, does not
exceed the value of 20 9;, which is just of the same magnitude as the width of the
peak, when the inelasticity or the thermal smearing is taken into account, Without
any rigorous proof we are thus lead to believe that the warping of the FS acts as a
geometrical smearing and does not affect dramatically the preceding conclusions
obtained with v, = Q.
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Fig. 3. (a) Maximum cross section of the electran Fermi surface due to
Ono and Sugihara®® for the vajue y; = (.2 eV of the trigonal warping
parameter. (b) The cross section of the Kohn anomaly surface
corresponding to the FS cross section {a). This contour is generated
by the vectors qx which jein two callipering points such as AB of the
FS where the group velocities are antiparallel,

5. PHONON-DRAG TEP CONTRIBUTION

Are the transport properties sensitive to the peak in the phonon lifetime?
The sharpness of the peak probably prevents its affecting the thermal conductivity.
On the other hand I'(w) is directly responsible for the phonon drag by electrons (in
the Peltier approach for instance) and plays an essential role in this type of trans-
port property, More precisely, the phonon-drag TEP S, is defined by the relation

miUDh
Ph_T Jel

(17)
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where Uy, is the phonon thermal flux which accompanies the electron current J,,
under isothermal conditions. The elementary solutions of the coupled Boltzmann
equations (electrons and phonons) contain the factor

)

o) + 1/t o

where 1/, is the inverse relaxation time for all collisions other than the electron—
phonon scattering. This ratio describes the efficiency of the drag, i.e., the relative
frequency of electron—phoenon collisions to the general set of phonon collisions,
[Note that, more exactly, it is the ratio [q)/T(q) + 1/z,y instead of (18} which
appears in the elementary solutions of the coupled Boltzmann equations, The
factor (18) is connected with the variational solutions due to Ziman.'¢] Then, the

general expression for S, can be written as'®

“max W f(o) T)
ZJ dwF (o)C, ( )l"(a) o j'/ ]-;h {19)

where cos? 6 is the mean value of #—the angle between the group velocity v, dnd
the direction of the electric field—on a phonon equienergy surface (cos® 8 = 4 for
spherical surfaces and § for * cylmducal” phonons), n, is the electron density (per
unit volume) (=2.80 x 107® cm ™), F,(w) is the spectral density of the branch of
polarization g, and C (w/T) = ﬁ[ex,f(e'“ — 1¥*] and x = Aw/k, T, the Einstein
specific heat for the mode .

Let us recall that Umklapp collisions are taken into account and do not play
a particular role here, because the momentum transfer from the electrons to the
phonons occurs through the group velocity v, and not through k. {The calculation
of I'(w) using the whole FS in a repeated zone scheme is valid a posteriori.) Further-
more, to establish (19) a unique energy dependence of the electron relaxation
times has been assumed.?” This point would need to be handled with some
caution for graphite where the anisotropy is considerable. Nevertheless, without
any precise information on the problem, we will neglect this complication.

The expression (19) shows that §; can reflect a peak in T{w) via the efficiency
ratio (18), which is stronger for the Kohn phonons than the others, as is shown in
Fig. 1. The simplest model then consists in restricting I'{es} only to Kohn phonons
with an amplitude IT"_ (7) from (16) and a frequency width Aw:

cos? 0

k
ph( T) B

Ty = T d TY Ao Sl — wg) (20}
Combining (20) and (19), we get directly

Bcos cos? 0

ph( T)

h Ac
?wk) . rmlx{T) &) (2])

LE (“”"C”“(k T|Epud T) + L

E‘

The important feature of the expression (21} is the prediction of a maximum in
|Seu{T) at T~ Ty. Indeed, at low temperatures T < Ty, I',,. is constant and
ISs(T) varies exponentially like the Einstein function C{w/T). But, when
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Tz T. the Einstein function is saturated, while I',, (T} begins to decrease. In
fact, I' ., (T) is smaller than { /Ton @nd the temperature dependence is just that of
[ T)y ie, T 1 Let us emphasize that this reduction of IS (T above Ty does
not aris¢ from the anharmonicity, which is usually invoked in this context,
Actually, the frequency of Kohn phonons is too low for them to be effectively
damped by the phonon-phonon interaction. This decrease comes essentially from
the thermal smearing of the FS,

To illustrate the experimental situation, we have plotted in Fig. 4, the measure-
ments of de Combarieu' which are typical of the TEP anomaly. The reason for this
choice js that 1/t is known from the thermal conductivity measurements on the

(HV/K)
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Fig. 4. The comparison of the calculated values of phonon-drag TEP
with the measured values. The experimental points marked by a black
circle are due to de Combaricu’s measurements (Ref. 1), The upper solid
line, marked 5., is the ¢lectronic component of the TEP [rom Ref, 21.
The cross points are obtained from the measured vaiues by subtracting
the diffusion component S,,. They represent the estimated phonon
drag from cxperiment. The three lines, marked a, b, and ¢, are the
theoretical curves, The a and b portions are respectively the low- and
high-temperature caleulated values, using the two-regime formula (21).
The dashed curve ¢ is an cxtrapolation of the low-lemperature EXpres-
sion with the usual phonon-phonon interaction, but without any
thermal smearing of the FS.
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same sample: at 7; the dominant relaxation process is of the Casimir type and
1/t = 26.5 »x 10% sec ™! for the longitudinal “*in-plane” phonons.

However, before confronting theory with experiment. we must subtract from
the experimental values the electronic TEP contribution (the diffusion TEP).
The procedure adopted is standard and was proposed first by Kiein?! and dis-
cussed by Spain er al** and by Takezawa et al.? It is based on the so-called simpie
two-band model of the FS of graphite with an equal number of electrons and holes,
and the mobility ratio {electron vs. hole) extracted from the galvanomagnetic
measurements. Even if the values obtained for the diffusion TEP shown in Fig. 4
are imprecise, we can argue that the expected curve must be smooth and without
dramatic consequences on the extrapolated S, . Since the sign of the TEP anomaly
is negative in Fig. 4. we consider at first only the electron pocket contribution and
neglect the holes.

With the values (12) and r; = 201 x {0°cmsee ' v, = 1.23 x 10°cmsec™ !,
everything is known in (21) except Awm or Aamyjw, = An which is the only adjustable
parameter. The value of Ay, which induces only a shift of the curve without de-
formation, has been determined in ithe ellipsoidal FS approximation: Ay =-0.06.
This value seems reasonable and is found within the width of N, T) (Fig. 1).

In Fig. 4. the general shape s well deseribed by the two-regime theoretical
formula (T < Ty = 43.5°K and T = T} obtained from (21) and (16). However,
the fit is less satisfactory below the maximum. This comes probably from the
transverse “in-plane” phonons which have been rather crudely counted as
longitudinal phenons leading in {21) to a spectral density: Fim) + Fw) =
w2meg)” ey + 1, %) Actually, they could be more independent and have a
maximum frequency of different from wj, of = 2k, = 349 x 10!2 gec™!
(=26.6°K). In this condition, S, should be analysed as the superposition of both
contributions of longitudinal and transverse phonons and could provide an
inflexion near 25°K. However. this type of analysis needs so many unknown para-
meters (at least four: An. An,. C,. () that the interpretation would be less con-
vincing. A more detailed analysis muy be needed to cxplain the recent measure-
ments of the Nernst coefficient. by Tamarin er al.* which also show a phonon-
drag anomaly,

Based on a low-temperature expansion 7" < T}, ~ 230°K, it is not surprising
that the theoretical curve departs at higher temperatures (T > 100°K) from the
experimental points. Also the phonon-phonon relaxation time, which is known
from the thermal conductivity analysis™ (/1 = 1.26 x 107 1oyT3) is quite
incapable of reducing |,/ sufficiently above the maximum. To illustrate this point,
we have plotted in Fig. 4 a dotted curve which corresponds to the usual theory
with the following ingredients: a rigid temperature invariant I'(e) plus the Casimir
term and the phonon-phonon relaxation time previously indicated.

Let us return briefly to the problem of the negative sign which has led us to
neglect the hole contribution in the previous evaluation of S, Since in graphite
the number of holes is equal to the number of electrons this neglect must be
justified. Using the parameters characterizing the hole pocket of the FS, one can
estimate the positive contribution of holes to S, from (21). First, the general shape
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of this positive contribution is very different from the electronic contribution and
has its maximum at T, = 37°K instead of T, = 43.5°K on account of the small
difference between the mean maximum radius of the holes’ cigars kp, = 1.21 x
109 cm ! instead of kp, = 1.42 % 10%cm™! for the electrons” pockets. The less
important anisotropy of the hole pocket of the FS, however, provides a weaker
magnitude of the damping rate T(e), as noted in Section 3. In fact, using the same
value of the electron—phonon coupling constant C for both the carriers and the
same band width for Kohn phonons, one finds a contribution three times smaller
for holes than for electrons and, conseguently, a negative sign for the phonon-drag
TEP. Although the holes’ contribution is not completely negligible, it is weaker
than the electrons’ contribution. So, this analysis of the phonon-drag effect,
developed in a semiquantitative way, shows that the observed negative sign of the
thermoelectric anomaly is gnite in favor of the new assignment of electrons near the
K point of the Brillowtin zone edge, where the anisotropy ratio is largest.

6. CONCLUSIONS

In this paper, we have tried to show that the Kohn phonons—i.e., phonons
with q = 2kg~are strongly coupled to the electrons in a semimetal like graphite,
where the anisotropy of both the electrons and phonons is extreme. This property
has consequences for the phonon-drag TEP contribution S, that we summarize
as follows:

(1) The phonon drag is predominantly due to the Kohn phonons
within a small width band A, near wy, defined as wy = 0,2k, .

(2) The temperature of the maximum value [S,| is near Ty which is
related to the Kohn phonon frequency wy (Ty = hayg/kg).

(3) For T < Ty, ISyl decreases exponentially with eventually some
inflections arising from other acoustical phonon branches.

(4) For T > Tx, the decrease of |$,,| results from the weakening of the
electron—phonon interaction on account of the thermal smearing of the FS
and not from anharmonicity, as is usually assumed.

(5) The negative sign of the TEP anomaly deduced from this model is in
agreement with the new assignment of the electrons at point K in the Brillouin
zone of graphite.

Despite the simplifications used in the calculation, the agreement with the
experimental results is reasonably satisfactory. It is planned to apply this approach
to a study of semimetals like bismuth whose Ty seems to correspond to the tempera-
ture of the maximum |§ .

APPENDIX

We calculate here in the inverse phonon relaxation time ', T} from a model
of a cylindrical FS whose cross section radius is kr, and the height Ak, . Instead of
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(1), the energy dispersion law is now described by

(k) = k2 (A1)
Ay T 2m, ¢

First the elastic formula must be calculated. With the same electron—phonon
interaction matrix (2), the use of the cos? A-—expression (5)-—{which is not an
approximation here) and the same notations of Section 3, = (4,/2kp,) — 1,
x = (g/ep) — 1 = (k /kp,)* — I one obtains from (3) the damping rate T'(#, x}for the
electronic equienergy surface ¢:

[(p, x) =y Re [(x — 2n" Y21 — 4x + )] (A2)
with
C*mi Ak, g 1
= = = . o A3
] pRETAp 58.3 x 10° sec (A3)

where the value (12) has been used and Ak, = 2kp, o, which corresponds to one
cylinder of the same dimensions as the previous ellipsoid.

As ['(n, x) depends only on g, = w/u,, the averaging procedure (7) is super-
fluous here and we can carry out the thermal smearing method directly to obtain
(e, T). From (13), we find in the same way as (15}

T,
IMw, T} = y'?’[y;(q, T) — vy (n, TV}

with (A4)

4 T 342
o b — 2
3( o, J
Comparing formula (A4) with (A2), one notes that the square-root divergence
atq, = 2k, has disappeared when one takes the correct inelastic limitat 7 = 0°K
and sets T = Ty instead of T = 0°K in (A4). The damping rates given by (A4)
have been plotted in Fig. 2 for three temperature values; namely, T = T the
correct tow-temperature limit, T = 2T, and T = 3T;. The temperature evolution
of T{w, T) can be simply characterized by the temperature dependence of the

maximum value of these curves: T (T). By a straightforward calculation, one
obtains

T 1/2
’ T — { - T _
Vi, T) = 2 Re [(1 + ’75(1’7_7} 211)

max

352 x 10%sec ! T<Ty |
Foad TY = (A5)

T,
352x]05x%{ T= Ty

These values are nearly 30 times greater than for the ellipsoidal FS model.
This result shows that T'(q) has to be evaluated carefully when one suspects that
even a small portion of the IS can be cylindrical in shape,
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EFFETS D'IRRADIATION AUX ELECTRONS
SUR LE POUVOIR THERMOELECTRIQUE DU GRAPHITE
A BASSES TEMPERATURES

Dans ce chapltre, nous présentons 1'analyse thdorique détalllée d'une &tude
expérimentale réalisée au Service des Dasses Températures du Centre d'Etudes Nucléai- |
res dé.GrenUble (De Combarieu) surKie“ppuvoir thermoélectrigue, & basses températures,
d'un échantillon de graphite gui a &té soumis 5 divers traitements d'irradiaticn et

ds recuit thermique [(Fig. 15) :

(1) Irradiation & 333 K par des électrons de 3 MeV avec une dose intégrée .
de 5.6 x 1015 é&lectrons par cmz. La proportion d'atomes déplacés par une telle irre-
diation peut 8tre estimée sensiblemsnt &gals & (Bochirol et HBonjour 1968)

N -
NQ—ﬁ-lm pom (1.40 x 10 .
o . :

123 Hecuit thermique pendant 2 heures & 410 K.
(3) Recuit thermique pendant 2 heures & 520 K.

T1 est remarguable de noter gue, comme la conductibllité thermigue KLI
{Be Combariey 1967, Drayfus et Maynard 1967}, le pouvoir thermoéleetrigue du graﬁhite
& basses températures, mesuré le long des plans graphitiques, est‘Extrémement sensi-
ble & la présence des défauts créés dans le résesu par irradiation. Ainsi, aprés 1'en-
dommagement de 1'irradiation, le pouvoir thermcélectrigue chanée de signe et'davient
positif dans touts la gamme de températures au-dessus de 5 K. D'autre part, 1'ancma-
lie de "phonon-drag" vers 48 K (voilr chepitre III) disparait presgue totalement
(Fig. 15). Paraliélement, on peut noter que la conductibilité thermique Ky subit une
trés forte diminution (facteur 7.5 & 25 K). Les deux traitemants de recuit thermique,
4 410 K et & 520 K, conduisent & une restsuration progressive & la fois de Kj et de
l'anomalie de "phonon-drag” du pouvoir thermoédlectrigqus (Fig. 15).

L'2tuce des défauts créés dans le réseau du graphite par irradiation a don-
né lieu a une quentlté considérable de recherches (voir, par exemple, les mises au
point de Simmons 1865, Reynolds 1966, Maynard 1967 =% Rouby 1974). £n ce gui nous

concerne, nous rappellsarons simplement ici gue 1'endommagement d'un &chantillon de
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graphite irradié aux &lectrons est constitué essentiellement de deux types principaux
de défauts

- les défauts de masse, cu lacunes, situés & 1'intérieur des plans graphi-
tiques ;

~ les défauts interstitiels, situés entre plans graphitigues voisins.

La prézence de ces défauts affecte de manifre importante 1'une et 1'autre
deg deux composantes du pouvoir thermoélectrique;‘se et Sph (voir chapitre III}. Les
effets de l'irrasdiation sur la composante de diFFugion €lectronique Se sont dus es-
santisllement & une réduction de la mobilité des élqctrons et des trous st & un phé-
noméne de piégeage des électrons par les défauts. Moysnhant ocertaines hypothéses sim-
plificatrices concernant les variatipng du rapport des ﬁabilitéa gt du rapport des
goncentrations des deux types de porteurs, il est possible d'obtenir la courbe Se[T}
& hasses températures par extrapolation de la branche hautes températures [(disons,

T > 180 K) du pouvoir thermoélectrique mesuré., La composante de "phonon-drag® Sph[T]
est alore déterminée par simple différenca entre la courbe expérimentale et SE[T).

I1 est frappant de constater que les courbes [Sb (T)| ainsi cbtenues pour

1'échantillon de graphite irredié, puis racuit 3 410 K et g 520 K, présentent toutes
un maximum tres margué vers 40 K. L'existence d'un tel maximum & T = TK (kBTK = ﬁwK,
ofl HwK est 1'@nergie des phonaons de Kohn {voir chapitre ILI)}, chFirmg t?és claire-
ment qus le minimum trouvé dens les coudrbes expérimentales du pouvoirlthermoélectri~
gue vers 40 K est effectivement assccid & une contribution de""phonoﬁfdrag", et don-
ne une justification "3 postériori" des hypothises simplificatrices utilisées pour
ia détermination de SB(T].

L'analyse détaillée des différentes courbes Sph[Ti nous condui?inaturelle—
ment &4 examiner la diffusicn des phonons deKohn "dans 1e plan™ (L), (t) par les dé-
fauts créés par 1l'irradiation et en'partiéulier par les interstitiels. En fait, le
traitement théorigue du probl&me tr@s général des interactions antre les différentes
branches de phonons et les divers typa; da défauts précités a 6té donné par Dreyfus
a8t Maynard (1967} et par Maynaerd (1867) dans le cadré de 1'étude de la conductibili-
té thermigue & basses températures du graphite irradié aux neutrons. Ces auteurs ont
montré gue pour interpréter les résultats expérimentaux, et en barticulie; pour ex-
pliquer la trés forie diminption de Kt signalée & 25 K, seule la diffusion (£) ou (t)
+ () due aux intersitiels I (vpir Fig. 16) doit &tre prise en considération, les
delx autres types d'interstitiels possibles A et W { Fig. 1B), étant solt inexis-
tants, soit en nombre insuffisant pour imposer leur loi & %L'

Le temps de relaxation associé avec la transition {R), (%} > (&) dus aux
AV}

interstitiels I (supposés en pombre suffisant) est de 1a forme T;l " nIMqi, o} Ny est

la concentration d'intarstitials sur le site I, w la fréquence du phonon (L) ou (t)
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Sites intersticiels A, W et I dans Te graphite hexagonal .

A * T. Iwata, F.E. Fujita et H. Syzuki,
J, Phys. Soc..Japan 16, 197 (1961).

P.R. Wallace,
Solid State Commun. 4, 521 (1966),

I e« B. Dreyfus et R. Maynard,
* J. Physique 28, 955 (1967).
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ingldent et q, ia projection du vecteur g parallielement & 1'axe c. La présence du ter-

I
plans graphitiques. Elle montre gue tous les phonons d'une méme surface d'équiénergis

me qi dans 1'expression de T . est une propriété caractéristique du couplage entre

ne sont pas diffusés de la m8me mani&re. Ainsgi, les &tats situés au voisinage du plan
éguatorial (qz % 0) des surfaces de dispersion gont peu affectés par les Interstitiels,
tandis que les autres sont fortement diffusés. Pour évaluer 1'effet d'un tel temps de

relaxation sur 5 , Nous avons supposé gue seuls les états de la zone eguatoriale de

ph
K?* K
centribuent & l'effet de "phonon-drag”. Leur nombre s'cbtient simplement en combinant

la surfece W = all w, est la fréguence des phonons de Kohn (voir chapitre IIIJ,

ce temps de relaxation avec celui de Casimir ; il est proportionnel a 1/Vnp, ce qui

permat d'éerire S apres irradiation sous la forme :

ph

5 A [—E—Js

° ., (Iv-1)
ph ynp Ph

oll 3° est la composante de "phonon-drag” du pouvoir tharmoélectrigue avant irradia-

: ph
tion [voir chaptitre TII), Cette loi, qui n’est dvidemment valable qu'a partir d'une

certaine dose-seuil, montre clairsment gue S se dedult de S;h par un simple facteur

; . ph
multiplicatif, sans changement de la forme des courbes Sph(T].

Les trois courbes Sph[T], correspondant respectivement au graphite drradié,
puis recuit & 410 K et & 520 K, peuvent donc &tre interprétées par la ralation (IV-1)

pour traié valeurs différentes de la concentration d'interstitiels n Nous aveons

comparé les valeurs alngi obtenues pour Ny aves les valeurs correspoidantes déduites
des mesures de conductibilité thermique ﬁL (= —i—] sur le méme é&chantillon, appés
ltirradiaticn et les deux recults thermigues, I T = 25 K, domaine de température
ol Eés intergitisls agissent le plus vigoursusement (Maynard 1967). Un accord tpés

satisfalsant est obtenu, ce qui donme une bonne confirmation de notre analyse.
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Abstract—The thermoelectric power (TEP) of very well oriented, nearly single-~crystal graphite
irradiated at 333 K by 3 MeV clectrons was measured along the basal plane direction above 5 K.
Changes in the low-temperature dependence of the TEP after different stages of annealing, at 410
and 520K, have also been investigated. Analysing carefully the experimental data, the phonon-
drag component S, of the TEP is extracted and compared with the theory of Jay—Gerin and Maynard,
As a check of the concentration of the irradiation defects, deduced from this analysis, measurements
of the thermal conductivity were made on the same samples. The results are found to be in good

agreement,

1. INTRODUCTION

As 1S now well known, the thermoelectric
power (TEP) of very well oriented, nearly
single-crystal graphite is found to exhibit
a sharp negative dip near 40 K[1-3]. This
low-temperature anomaly in TEP is ascribed
to phonon-drag. Two of the present authors
have recently presented[4] a theoretical
analysis of that phenomenon in pure graphite.

In this work, we present an experimental
. study of TEP of graphite both irradiated
with 3 MeV electrons at 333 K, and then an-
nealed at 410 and 520 K. The most striking
result is the high sensitivity of the low-
temperature TEP to lattice defects introduced
by irradiation. The measured TEP values
become positive after irradiation damage, and
the anomalous dip near 40 K disappears.
Annealing treatments lead to a progressive
recovery of the anomaly. Following a descrip-
tion of the experiments and results, a theore~
tical analysis of the different TEP curves is

*On leave from Centre de Recherches sur les Trés
Basses Températures de Grenoble, Grenoble, France.

JPCB Val, 34, No.2—-D

presented and related to the thermal conduc- -
tivity measurements on the same materials.

2. EXPERIMENTAL DETAILS AND RESULTS

The graphite specimen used in the present
experiments was obtained from ‘e Carbone-
Lorraine’ Society. The sample is a hot-
pressed pyrolitic graphite, such as was
originally made by Moore et af.[5]., It was
prepared from pyrolitic graphite deposited
at 2100°C and recrystallised for 10-15 min
at 2800°C under pressure of 200 kg/cm?.
Although not a single crystal, the material
consists of large size crystallites with ¢
axes aligned along the direction of compres-
sion and mean basal plane dimensions esti-
mated about 76 um from thermal conduc-
tivity measurements at low temperatures.
Moreover, the materials showed a chemical
impurity content of 20-30ppm, and the
number of stacking faults remained large.
The dimensions of the specimen were approxi.
mately 1 X5 X 50 mm, with the direction of the
¢ axis perpendicular to the largest face.

The experimental arrangement and measur-

58



190

ing apparatus have been reported in a preced-
ing paperl6]. However, Au-Fe/Chromel
thermocouples, more sensitive at low tem-
peratures, were used in the present experi-
ments instead of Au-Co/Cu thermocouples.
These thermocouples were used both for
determining the temperature drop across the
specimen and for measuring the thermo-
electric voltage between the two gold wires
or between the two chromel wires. The
absolute TEP of graphite was calculated on
using the absolute TEP of chromel[7].
Since the thermal current passing through
the specimen was also determined, the
measurements of both TEP and thermal con-
ductivity along the basal graphitic planes were
obtained,

The experimental TEP results of our
graphite samples as a function of temperature
are recorded in Fig. 1 for temperatures rang-
ing from 5 to 200 K, and for the material be-
fore irradiation and after the following treat-
ments; )

(1) Trradiation at 333 K by 3 MeV electrons
with an exposure of 5:6 X 10'® electrons/cm?.
The proportion N4/ N, of atoms displaced by

such an irradiation has been evaluated by the

method of Bochirol and Bonjour [8]; on taking
o= 25 barns as displacement cross-section
for 3 MeV electrons, and ¢ ~ 0° as the angle
between the ¢ axis and the direction of
incident electrons, NN, is estimated as
1+4 % 10~*, However, considering the irradia-
tion temperature used here, the displaced
atoms do not remain isolated and are probably
aggregated forming small interstitial clusters
[9, 101. :

(2) Two hr annealing at 410 K.

(3) Two hr anngaling at 520 K.

These annealing temperatures of 410 and
320 K lie within the Wigner annealing zone,
which ranges from 320 to 600 K as described
by Bochirol and Bonjour[8]. In this tempera-
ture range, the restoration of the irradiation
effects is generally interpreted as due to the
formation of large interstitial complexes with
annihilation of vacancies. :

A. DE COMBARIEU, ). P. JAY-GERIN and R. MAYNARD

AV /oK

power,

Thermoelectric

Unirradiated
Irradiated

at A0 K
at 520 K

Annealed
Annealed

C 8 + x

Fig. 1. Temperature dependence of the thermoelectric
power of graphite measured along the basal planes be-
fore irradiation and after 3 MeV electron irradiation at
333 K, Prior to irradiation, the TEP exhibits a sharp
negative dip near 40 K. After irradiation, it becomes posi-
tive and the dip has disappeared. Effects of 2 hr annealing
at 410 and 520 K on the irradiated sample fead to a pro-
gressive recovery of the low-temperature anomaly. The
solid lines represent the experimental TEP measure-
ments. The dashed lines indicate the electronic compon-
ent S, as calculated from equation (1) on using a=1,
£,=0-01eV, and the linear extrapolation b(T) = a7+
obtained from the high-temperature TEP values with

o= 1-72x 103 K, 8= (5| for the irradiated sample,
a =170 x 107 K-}, 8 = 0-58 for the 410 K annealed
' sample, and
o= [-67x 1079 K, B = 0-47 for the 520 K annealed
sample.

The experimental results of the thermal
conductivity of the same graphite samples as
a function of temperature are shown in Fig. 2.
The effect of the electron bombardment at
333 K gives a decrease in the thermal con-
ductivity by a factor of 10. The 410K
annealing produces a very limited restoration,
whereas the 520 K annealing leads to an al-
most total recovery.

3. ANALYSIS AND DISCUSSION

For temperatures below about 100 K, the
TEP of graphite measured along the basai
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Thermal conductivity, W era =" "1 {K 3

OI0

MeRel

I 10 20 107 Po0

Fig. 2. Temperature dependence of the thermal comn-
ductivity K, of graphite along the basal plane direction
before irradiation and after 3 MeV electron irradiation
at 333 K. Effects of irradiation give a decrease in the
thermal conductivity by a factor of 10, The 410 K anneal-
ing produces a very limited restoration, whereasthe 520 K
annealing leads to an almost total recovery, The various
symbols are experimental points, and the solid lines are
fits of the experimental data.

planes is quite well accounted for by the sum
of two contributions; S, the usunal electronic
diffusion component and .5, the phonon-drag
component. Using a simple ellipsoidal band
model for graphite, two of the present
authors have recently carried out a theoreti-
cal analysis of the phonon-drag cffect in
graphite on the basis of the enhanced coupling
by anisotropy of the Kohn[ll] phonons
(q = 2 k) with electrons [4]. The present work
is a continuation of this previous study.
However, the phonon-drag component 5,
cannot be obtained directly from experiment.
As usual, 5§, can be determined by sub-
tracting from the measured TEP values the
calculated value of §... An appropriate evalua-

tion of §.; can be obtained on using the so-
called simple two band model (STB model),
first proposed by Klein[]12], and discussed
by Spain et al.[13] and by Takezawa et al.[1].
In this simplified model, the constant energy
surfaces for both electrons and holes are
approximated by cylinders. Such an approxi-
mation is probably very crude compared to
the actual band model of graphite, However,
because of the relative insensitivity of S,
to the various details of the Fermi surface,
this simplification is quite justified. Accord-
ingly, the extrapolated $,, (T} component will
be sufficiently well defined in the low-
temperature range we are concerned with.
Then, on the STB basis, S, is expressed as
foilows

Sa(T) ="

a—b){ZFl(E.,ﬂk,;T)_ Eq } (1)
a+b/| Fy(Ef2k,T)  2k,T

where e is the magnitude of the electronic
charge, k, the Boltzmann constant, [, and
F, tabulated Fermi intégrals[14], E, the over-
lap energy of the two bands, a= n;/n. the
carrier-density ratio, and b= u./u, the
carrier-mobility ratio. :

In a pure graphite, the number of electrons
is equal to the number of holes, and a= |.
On the other hand, the experimental results
of Cooper ef al.[15] on neutron-irradiated
material (single crystal coded JPS) show that
a varies from 1-09 for the sample before
irradiation to 1-31 for the sample after
irradiation with 5.6 X 10 nty. Such an
irradiation dose corresponds to [+4x 10"
displaced atoms per unit volumef16]. This
number is very close to the one estimated
for our irradiated sample, ie. 1-5x 10, In
the light of these results, we may simply adopt
a= 1 for all our samples. The overlap para-
meter £, can be taken as 0-0] eV from low-
temperature data[12]. Finally, we shall
use a linear extrapolation of b{T) as a func-
tion of temperature®, as originally obtained

*In fact, b(7T) can be measured experimentally. In the
absence of such data, this procedure may seem arbitrary.
The details of the justification are discussed in the

Appendix.
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by Soule[17] (crystal EP 14) from low-field
Hall effect measurements.

Equation (1) shows that the sign of §.,(7T)
is essentially determined by the difference be-
tween a and b as a function of temperature, As
the carrier-mobility ratio is always less than
unity over the entire temperature range
studied, 5.,(T) vields a positive contribution
to the total TEP.

Now, let us consider the effects of electron
irradiation. As seen in Fig. 1, the low-
temperature TEP is markedly affected by
irradiation, and its value becomes positive
and large. For instance, the TEP is about
+30uV/Kat 50 K.

As is well known, irradiation introduces
within the crystal a small number of latiice
defects: vacancies in the carbon networks,
and interstitial atoms lying between the gra-
phitic planes[9, 10]. The changes produced by
these defects in S,, are attributed partly to
a reduction of the mobility of carriers due
t0 clectron scattering by defects, and partly
to electron trapping by these defects. In
this case, a direct calculation of S.(T) from
equation (1) is difficult because of the lack of
information about the variation of both the
carrier-mobility and the carrier-concentration
ratios. Despite of these difficulties, the separa-
tion of the measured TEP into its two com-
ponents, S, and §,,, can be achieved with
reasonable accuracy in the following way.
Since at high temperatures (about 7 > 100 K)
the influence of §,;, becomes negligible, the
experimental TEP value is approximately
equal to §,. The curve obtained by extra-
polating the high-temperature branch of the
measured TEP to lower temperatures using
equation (1) under the conditions a=1,
E,=0-01 eV, and b(7T) = «T + 3 can then be
interpreted as S.,(7). The dashed lines, in
Fig. 1, show 5.,(7T) as a function of tempera-
ture calculated in this way for all materials.

Below about 100 K, these curves depart
from the experimental TEP. It is just this
difference that we ascribe to §,,(7T). The
quantities |S,,(7T)| obtained in this way are
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represenied in Fig. 3. We note that these
different curves in Fig. 3 are very similar
in their form to the |S5,,(7)| curve obtained
for the unirradiated graphite specimen.
It is remarkable that all extrapolated |S,,(7)|
curves pass through a maximum near 40 K.
Such a maximum near T = T,(kyT} = hwg,
wy being the Kohn phonon frequency[4]) is
the most striking evidence for a phonon-drag
contribution.

The defects produced by electron irradia-
tion strongly scatter phonons both by modify-
ing the binding of atoms in graphitic planes
(vacancies) and by forming covalent bonds of
interstitial carbon atoms with atoms in the
adjacent graphite layers. The problem of pho-

oo —
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Fig. 3. Phonon-drag TEP of the different materials as a
function of temperature. |5,,(7T)| is obtained from the
measured TEP values by subtracting the calculated elec-
tronic component S, Cross points represent the esti-
mated phonon-drag TEP from experiment for the unirra-
diated graphite sample, whereas the solid line reproduces
the theoretical curve as obtained in Ref. [4]. Dashed
curves are the estimated phonon-drag TEP from experi-
ment for the sample which has been subjected to 3 MeV
electron irradiation at 333 K, and then annealed at 410
and 520 K, The shape of these last three curves is very
similar to that of the theoretical curve. Particularly,
the common position of the temperature of the maximum
of |5,,(T}| near 40K confirms the assumption of a
phonon-drag contribution to the TEP at low tempera-
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non scattering by these types of defects has
previously  been  discussed  theoretically
[18.19] in analysing the low-temperature
thermal conductivity., According to this analy-
sis, vacancies are ineffective in the scattering
of both longitudinal and transverse ‘in-plane’
Kohn phonons, which predominantly contri-
bute to the phonon-drag phenomenon along
the faver planes{4]. Then. the dominant effect
comes from the coupling between graphitic
layers. Such a coupling can be carried out
by /-type interstitiais. In fact, the problem is
complicated and practically intractable if
we take into account that at the prradiation
temperature of 333 K many interstitial atoms
are annealed or form small clusters of two or
more displaced atoms. We shall enly consider
here the elementary problem of the scattering
of the ‘in-plane’ phonons by isolated f-type
interstitials. In this assumption, the relaxation
time associated with that phonon scattering
type,is given by [1R8, 9]

) = E (T~ c0s ¢, o, 2

Here, n, is the isolated /-type interstitial
concentration, o the phonon frequency, ¢, the
interlayer spacing {¢, = 335 A). ¢, the hexa-
gonal axis component of the wave vector q,
and £ measures the intensity of coupling
between the /-type interstitial and its neigh-
bours in adjacent planes,

The occurrence of ¢, in equation (2) iIs

-quite unusual. Arising from the anisotropy

of both phonons and defects, this particular
law is characteristic of the interaction between
graphitic planes, Equation (2) clearly shows
that the phonons situated near the equatorial
plane {g.= 0} of the cylindrical phonon con-
stant energy surface o are not significantly
affected hy [-tvpe interstitials. Therefore,
the mean free path of those phonons is only
limited by scattering processes on grain
boundaries involving a relaxation time of
{Casimir type 7. On the other hand. the other
phonon states at g, # 0 are strongly damped
by the interstitiais, and we can negiect their
contributions to heat transport provided n, is

sufficiently iarge. Hence. the critical value
¢.". which divides phonons into these two
regimes, is obtained by making 7, == 7. Then,
we can deduce

g L
(1R s
U (T{-EII;UJ/.('(FI[:) (1)

which ts only valid in the limit ¢." <€ #/c,.
Accordingly, the only phonons that signi-
ficantly contribute, with a relaxation time 7,
to heat transfer in the phonon-drag phenome-
non are jocated on the cylinder of height. 2 ¢."
near the equatorial plane of the o= w,
phonon constant energy surface. Therefore,
the number of Kohn phonons dragged by
electrons s reduced by the factor ¢."/ (w/cal,
and we can write: for §,,, the phonon-drag
thermopower modified by irradiation

; [

SME = (#)ST,;, (.61:“ <-7fey) (4)
where 59, is the phonon-drag thermopower
before irradiation[4). Equation (4) shows that
S, 1s deduced from 5%, by a scaling factor
without any change of shape. The unchanged
position of the maximum temperature of
|S. (T} in Fig. 3 must be considered as a
confirmation of the present analysis,

The three {§,,(T)| curves (see Fig. 3),
which correspond respectively to the different
treatments to which our graphite specimen
was subijected can be interpreted by equation
(4) for three different values of ;. Using equa-
tions (3) and (4) with the estimated phonon-
drag thermopower of Fig. 3 at T=40K, a
numerical evaluation of n, can be carried out,
Taking .~ "and £ to be 26-5 X 10#sec'and 21,
respectively [4, 19], we find nj= 1-16x 104,
090> {074, and 0-11 x 10~ for the material
after 3 MeV electron irradiation at 333 K.
and then annealed at 410 and 520 K, respec-
tively. From these numerical values of u,,
the ratios

”[.‘L‘B:i ftrradiation
—”.’ HO K anneating ] '3~ and

”f.'i:!:i firradiation

e = 10-6 (5)
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are calculated. According to Refs. [18] and
[19], we know that the basal plane thermal
conductivity of graphite K, varies as T%%/n,'"?
in the limit where #, is sufficiently large and at
T =25K, temperature at which the inter-
stitinls are the most effective. Therefore,
from the K | (T) experimental curves of Fig. 2,
we can deduce the corresponding ratios

K41l] Hanneating 42 # 333 K irradiation

Lir=25 K} o = [9
K {irradiation 1" 410 jf annesling

(F=25 K) i
(6}

K 320K irradiation2 333 K srradiation

Lir=25 ) L ~ 12-5
O rradiation | = " 520 K anneallng '

Ler=2s5 K) !

The ratios given in equation (3) are close to
the corresponding ratios given in equation (6)
and derived from the analysis of the K, (7T)
curves. A good consistency is thus obtained
between the thermal conductivity measure-
ments and our present TEP analysis.

Furthermore, as we can see in Figs. 2 and 3,
the annealing stage at 520 K gives a very large
recovery of both §%, and K, obtained with the
unirradiated graphite specimen. On the other
hand, the value #, = 1-16 X 107*, obtained on
using this present model for the irradiated
material, is in good agreement with the value
ny= 14 % 10~* found by the method of Bo-
chirol and Bonjour[8]. Such results confirm
quite well our analysis.

4, CONCLUSION

In this paper, we have pointed out that,
like thermal conductivity, the phonon-drag
component of the TEP of graphite is highly
sensitive to the presence of defects. This
explains the disappearance of §,, for small
concentrations (~ 107%) of defects, parti-
cularly I-type interstitials, created by the
small exposures to electron irradiation report-
ed here. Accordingly, the change of sign of the
low-temperature TEP is also explained.

Because of this extreme sensitivity of its
phonon-drag component at low temperatures,
the TEP is capable of giving a clear evidence
for the quality of the measured samples, pro-
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vided that the electronic component is known
with a good accuracy.
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APPENDIX

We consider here the justification of our assumplion
b{T) = aT+ 3. First of all, the linear extrapolation of
b(T} can be justified, in a self~evident manner, a poster-
jori, In fact, two arguments strongly support this assump-
tion. ANl the |S,,{7)| curves, deduced with b(T)
= o7 + 8, show a sharp maximum near 40 K, exactly at
the Kohn condition, whatever the annealing stage
of the defects created by irradiation. Such a result so
obviously agrees with the results of Ref. [4] that it seems
to justify by itself the extrapofation made on b(T}. The
second argument comes from the satisfactory agreement
for various samples between the concentration of defects
deduced from our analysis and that obtained from low-
temperature thermal conductivity measurements on the
same sample.

The linear variation of b with T is also supported by the
following analysis. If S, is neglected, b(7) can be de-
duced directly from the measured TEP values using equa-
tion (1), b(T), obtained in this manner, is plotted in Fig.
4 for the irradiated sample for which |$,,| is the smallest
possibie. For high temperatures (7 = 100 K) where 5,
is indeed negligible, b{T) shows a linear variation. For
lower temperature there is a small departure from linear-
ity, which is attributable to S,,. Since §,, is negative,
this can be taken into account by using in equation {1)
a value of §,, higher than the measured TEP. When this
is done, the curve b(7T) is depressed towards smaller
values of b and comes nearer the linear extrapolation.

A similar analysis was also performed for annealed
samples, For T > 100 K, b is again found to vary linearly

with T. For lower temperaturcs, the departure from
3 K
3] 30 100 150
i it i
ae Soule’s restlts

TR
i __‘__,,./

* *» 4 s s ./-,n—-"'

T
_—"‘——‘

o5 Linear extrapolation

Fig. 4. Mobility ratio b as a function of temperature for
the irradiated sample. The points show the values of b
calculated from the experimental TEP curve using
equation (1} with a=1 and £, = 0:01 eV. In the calcula-
tion, we have assumed the absence of phonon-drag.
Soule’s results for EP14 crystal are shown for reference,
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linearity is larger because |S,,] is greater in this case. 1t
therefore. appears that the choice of hi(7T) =uwl4-8
for all the samples is reasonable. This is not to suggest
that the Hnearity of b{ 7T}, assumed in the text, is exact.
but it is certainly realistic. I it is assumed to be exact,
it may involve an overestimation of |5,,! and hence, an
underestimation of the concentration of defects. For in-
stunce, for the irradisted sample, our analysis gives
np== 116X 107, whereas the method of Bochirol and
Bonjour gives #, = 14 3 {07,
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ETUDE DES EFFETS THERMOMAGNETIQUES DANS LE GRAPHITE A BASSES TEMPERATURES EN PRESENCE
D'UN CHAMP MAGNETIQUE FAIBLE (H £ 15 kGJ.

Ce chapitre est consacré a une étude du pouvolr thermoélectrigue, S(H], et
du cosfficient Nernst-Ettingshausen, ANE[H], du graphite a basses températures et en
présence d'un champ magnéticque ﬁ dirigé parallélement & 1'axe ¢ et suffisammant fai-
ble (H é 15 kG} pour que l'on puisse négliger 1'effet de la quantification des arbi-
tes électroniques, ainsi que la variation du niveau de Fermi avec le champ magnetique.

Cette &étude a2 &té motivée & l'origine par les exp8riences de Takezawa, '
Tsuzukd, Ono et Hishiyama (1871) et de Sugihara, Tekezawa, Tsuzuku, Hishiyama et Ono
{1872), et par celles de Tamerin, Shalyt et Volps (1969). Takezawa et ses collabora-
teurs (1871, 1872) ont observé qu'en présence d'un champ magnétigue H paralldle &
1'axe o, 1'anomalie de "phonon-drag” du pouvoir thermoélectrigue masuré suivant les
plans graphitigues subit un léger changement de position de 40 K & enviren 30 K, et
surtout up accroissement considérable d'amplitude jusqu'd environ - B0 WV/K pour
H = 1.7 kG, et environ - 2000 wW/K pour H = 8 k&6 {Fig. 17). De leur cOt&, Tamarin et
al. (1968) ont cbservé gue le coefficient Nernst-Cttingshausen présente égaleiment un
minimum treés proncncé a T4 A 30 K, d'enviran - 470 x 1D~g V/Gauss K pour H = 1 kG
(Figs. 18 et 19).

Trés récemment, Takezawa, Mangez, Hewes, Dresselhaus et Tsuzuku (18737 ant
realisé une série de mesures préliminaires du pouvoir thermoélectrigue du graphite
en présence d'un champ magnétique dans le domaine O < H < 105 kG et dans celui de
températures 4.2 < 7 < 77 K (Figs. 20 et 21). Ils ont montré que 1'effet Nernst-
ttiingshausen doit Btre séparé systématiguement de la tension Sesbsck, m8me dans les
gchantillons trés socigneusement préparés (Dresselhaus 1874). La nécessité de séparer
ces deux sffets ne fut pas prise en considération dans les mesures antérisures de
Takezawa et ses colleborateurs (1971, 1872). D'une maniére gualitative, les nouveaux
résultats de S(H} confirment les anciens, sn ce =ens que 1'anomalie de "phonon-drag"”
vers 30 K est fortement augmentée par la présence d'un champ magnétigue. Quantitati-
vement, cette augmentation est cependant beaucoup moins marqude gue cells observae
antérieurement : pour un graphite pyrolytique traité & 3600° C, Takezawa, Mangez,
Hewes, DOresselhaus et Tsuzuku (1873) ont en effet abtenu, 3 T = 30 K, un pouveir
thermcélectrique d'environ - 100 uV/K pour H = 10 kG, et - 350 pv/K pour H = 100 kG
(Figs., 20 et 21).
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L'analyse présentée dans ce chapltre repeose essentiellement sur la théorie
de 1'effet de ”phonDn;drag" dans le graphits en 1'absence de champ magng&tigue, gue
nous avens développBeau chapitre III, st dens laguelle le pouvoir thermoélestrique
de "phaonon-drag" est étroitement 1ié & 1'anomalie d'écran de Kohn. Nous avons &tendu
cette théorile au calicul de S[H) st de ANE[H] en champs magnétiques faibles (H é 15 kGJ1.
Bans ce cas, le traltement du champ magnétigue peut &tre réalisé avec 1'aide des é-
guations de transport de Boltzmann ccuplées pour.les électrons et les phonons
[Argyres 1956, Ziman 1965 et Sugihara, Tekezawa, Tsuzuku, Hishiyama st Onc 1872). Les

expressions de S(H] et de ANE[H] s'@erivent (pour le détail du calcul, vair 1'Appen-

dice)

E
. S - - ' -
S(HY = VT [pxx Xxx( H) + Py Xxy[ HJ], (V-1
Ey 1
ANE[H] = EVT = ﬁ [pxx Xxy[“H]’. - Qxy XXXE_H]], (v-2)

dans 1’hypothése ol la direction Dz coincide avec la direction du champ magnétique
appliqué [ dans le cas el 11 existe un gradient de température %T sutvant la direc-
tion Ox. A pertir dss expressicns [V:lJ et {V-2), on peut montrer que, pour un échan-
tillon de graphite suffisamment pﬁr et de bonne qualité (tel que ﬂH/c >> 1, ol ﬂ

est une mobilité élsctronigue moyenne, H le champ magnétique appliqué et o la vites-

se de la lumiére), S{H) et ANE[H} s'expriment sensibklement sous la forme

3 & R S (0)g, V-3
(H) % nle|c i | oh (
oo nielc : B
AyetH) & 2 N [sph[m . _ - [v-4)
N 148 -3 . .
ol n = Z2.80 x 10 cm est la concentration d'é@lectrons et de trous,:le{ la valeur
ahsolue de la charge 8lectronigue, RH = - %—pxy ie cocefficient Hall, pxx la magnéto-

résistance et beh[D]l la somme des valeurs absolueg des contributions de "phonon-
~drag" au pouvoir tharmoslectrique en champ magnétique nul dues aux électrons et aux
trous. Ainsi, pour un champ magrétique donné, les variations de S(H) st de ANEEH]

en fonction de la température doivent refléter 1'ancmalis de "phonon-drag” de ISph(D}|

(voir chapitre III}, puisgua les veriations thermigues de R, et de P sont essen-

H
tiellement monotones & basses températures.

Plus spécifigquement, puisque [RH| varie comme T_2 et P, comme T_1 (Soule
1858), nous avons 14 1'explication du déplapement vers les plus basses températures

{Tg & 30 K) de 1'ancmalie de "phonon-drag”. Nous avons également une canfirmation
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directe de l'enalyse présentée au chapitre III en ce qui concerns l'interastion phonon-
-~phonon, laguslle ne joue aucun rdle fandamental pour explicquer la décroissance du
pouveir thermoélectrique dans la région de températures T > T4. Nous trouvons en ef-
fet une loil ds déorpissange en T"a dans cette réglon, puisque lSDh(D}I varie comme
T_1 par suite de l'affaiblissement du couplage électron-phonpn di & 1'élargissement
thermigue des contours de la surface de Fermi (vnir chapitrs III). Cette loi repro-
duit bien 1'alliure de la courbe expérimentale de Takezawa, Mangez, Hewes, Dresselhaus
et Tsuzuku (1973) pour H = 10 kG (Fig. 20). D'autre part, d'aprés 1'équation (V-4),
ANE[HJ varie comms T"'2 pour T > Td’ ce qul sst aussi en accord avec les mesures de
Temarin, Shalyt et Vglga (186%) (Fig. 18). Au point de vue quentitatif, nous devons
soulignar gue notre analyse donne un ogrdra de grandeur de S{H) gui correspond bien
4 celul trouvd expérimentalement par Takezawa et al. (1973), Comme 1'indigue 1'équa-
tion (V-3), S(H) dépend d'uyne manidre trés sensible du coeffipdent Hall Ry» qui peut
varisr considérablement d'un échantillon de graphite & un autre {(Soule 1958, Pacault
1885, Spain. Ubbelohde et Young 19567 et Delha®s 18974). Dien gue Takezawa et al. (1973
nraeient pas effectué de mesures d’effet Hall sur leurs Schantillons, on peut penssr.
raisonnablament gue ges échantillans sont d'une pureté et d'une qualiié telles que
levurs propriétés doivent &tre trds voisines de celles des monocristaux naturels EP-7
et EP-14 de Soule (1958). Dans cette hypothise, i1l est possible d'utiliser les résul-
tats gxpérimentaux de Soule pour aveoir une estimation de RH en fonction de 1a tempé-
rature et du champ magnétigue. Aipsi, pour H = 13 kG et T = Td A 30 K, on peut esti-
mer Ry % - 8 cr”/C (oristal EP-14). A partir des résultats du chapitre III, iSph[D]|
a4 T o 30 K ast sensiblement &gale & 70 WW/K, ce gui donne pour S(H} uns valeur voi-
sine de - 140 pV/K. Cette valeur, gui est évidemment trés loin des - 2000 uV/K obte-
nus par Takezawa et ses collaborateurs (1971, 1972), doit 8tre considér@e comme satis-
faisante (la valeur expdrimertale obtenue par Takezawa et al. (1873) est en effet
- 100 uwV/K] compte-tenu des hypothises et simplificaticons utllisées. Il est intéres-
sant da noter que Takezawa, Mangez, Hewes, Dresselhaus et Tsuzuku [1973) ont chsarvé
une dépendance approximativement linéaire (et non guadratique, comme il avalt &té
obsgrvé antérieurement) de S(H) en fonction du champ magnétigue pour T < Td et pour
H < 10 - 20 kG (Fig, 21). Ce point peut Btre expligué & partir de notre analyse. En
effet, la variation de S(H) avec H est deéterminée essentiellement par la variation de
RH avec H (voir Bg. (V-3)). Si an utilise & npuvesu les résultats axpérimentaux de
Soulg (1958) sur les monporistaux naturels EP-7 et EP-14, RH varie de fagon sensible-
ment linéaire avec H pour H R 3 kG & 77 K et pour H £ 10 kG & 4.2 K. Ces résultats
vont donc bien dans le sens d'une dépendance lingaire de S(H) en fonction du champ
magnétigue appligué.

En ce gqui concerne le cpefficient Nernst-Ettingshausen ANE(HJ, notre a-

nalyse conne également un ardre de grandeur en bon accord avec les mesures de Tamarin,
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Shalyt et Volga (1969). En effet, pour H = 1 kG et T = Td A 30 K, on peut estimer
Py A 1.4 x 10—1B unités CGS (oristal EP-141, ce gqui conduit & une valeur de Ang (HI
voisine de -~ 0.38 uV/Gauss K (la valeur expérimentale correspondante de Tamarin et
al. (1964) est sensiblamsnt égale & - 0.47 u\V/Gauss K (Fig. 18}). Pour H = 10 kG et
T =Tg4, on a py, & B2 x 10“18 unités CBS (cristal EP-1431, ce qui donne

ANEEH} & - 0.18 pV/Gauss K (la valsur expérimentale est voisine de - 0.24 UV/Gauss K
(Fig. 18)}. Ainsi, pour un champ magnétiqua appliqué de 10 ki et & une températurs
de 30 K, 11 se développe dans 1'échantillon une tension Nernst-Fttingshausen d'envi-
ron 1800 YV/K, ce qui est évidemment tout & fait considérable comparée & la tension
thermoélectrique qui ast voisine de 100 WV/K pour ge champ et cette température. Ces
estimations confirment donc bien les récents résultats de Takezawa, Mangez, Hewas,
Oresselhaus et Tsuzuky (1973).

Il est enfin intérsssant de souligner que les expressicns obtenues pour
S{H) et ANEEH] doivent permettre de déduire, directement de 1'expérience, les cone-
tantes de couplage électron-phonon et trou-phonon. La conpaissance de ces constanteas
est en affet extrémement importante, pulsque nous savans que 1'effet da "phonon-drag”
est directement proportionnel & la force du couplage &lectron-phonon. Nous avens donc
14 une possibilité gui s'offre a nous de comprendre le délicat probléme du signe né-
gatif du pouvoir thermoélectrique du graphite, dans leguel les électrons et les trous
sbnt Enlétroite compétition. _ _

La présente &tude a suscité, au Service des Basses Températurses .du Cenirs
d'ftudes Nucléaires de Grenoble (Avache et De Combarisu), des mesures Bxpériﬁentales
systématiques des divers coefficients de trensport du graphite., tels que la magnéto-
reésistance, le coefficient Hall, le pouvoir thermoélectriqus en absence et en pré-
sence d'un champ magnétique, le coefficient Nernst-E£ttingshausen, la conductivité
thermique, ... . Ces mesures, actuellement en cours da réalisation, dolvent apporter
dans un proche avenir une contribution trés importante dans la compréhension des

propriétés du graphite.
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Low-Temperature Thermomagnetic Effects in Graphite
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The Jow-temperature thermoelectric power (TEP) and the Nernst—FEttingshausen (NE) coefficient of
graphite due to phonon drag are studied in the presence of a magnetic field H directed along the ¢ axis and
small enough for the quantum-mechanical character of the motion of the carriers to be negligible. Expressions
for the TEP and the NE coefficient are obtained on the basis of the theory of Jay-Gerin and Maynard, in
which the phonon-drag TEP of graphite in the absence of a magnetic field is tinked with the Kohn screening
anomaly, The results suggest a method by which information might be obtained about the strength of the
electron- and hole-phonon coupling directly from experiment. A satisfactory agreement is found with the
measurements of Takezawa, Tsuzuku, Ono, and Hishiyama and of Tamarin, Shalyt, and Volga.

On a étudié le pouvoir thermoélectrique (TEP) et le coeffcient Nernst—FEttingshausen (NE) du graphite
A basse températures et en présence d'un champ magnétique H dirigé suivant I'axe ¢ et suffisamment faible
pour qu’on puisse négliger le caractére quantique du mouvement des porteurs de charge. Des expressions
du TEP et du coefficient NE sont obtenues sur la base de la théorie de Jay-Gerin et Maynard, dans laguelle
le TEP du graphite, en 'absence de champ magneétique, est étroitement li€ A I'anomalie d’écran de Kohn.
Les résultats suggérent une méthode par laquelle la foree du couplage électran—phonon et trou-phonon
pourrait étre déduite directement de Pexpérience. Un accord satisfaisant est obtenn avec les mesures de
Takezawa, Tsuzuku, Ono et Hishiyama ainsi qu'avec celles de Tamarin, Shalyt et Volga.

Canadian Journal of Physics, 50, 2444 (1972)

I. Introduction

As is now well known, in the absence of a
magnetic field the thermoelectric power {TEP)
of very well oriented, nearly single-crystal
graphite measured along the basal plane direc-
tion exhibits a sharp negative dip of about
—20 uV/K at around 40 K (Rasor 1955; Spain,
Ubbelohde, and Young 1967; Takezawa, Tsu-
zuku, Ono, and Hishiyama 1969; Tamarin,
Shalyt, and Volga 1969; de Combarieu quoted
in Jay-Gerin and Maynard 1970: Tsuzuku,
Takezawa, Hishiyama, and Ono 1972). This
low-temperature anomaly in the TEP is attri-
buted to phonoen drag,

Recentiy, Takezawa, Tsuzuku, Ono, and
Hishiyama (1971) have shown that, in the
presence of a magnetic field H directed along
the ¢ axis, the anomalous phonon-drag TEP
dip experiences both a slight shift of position
from 40 K to near 30 K and a large increase in
magnitude to about — 80 uV/K for H = 1.7 kQe,
and about -2000 uV/K for H=8kQe On
the other hand, Tamarin, Shalyt, and Volga
(1969) reported experimentally that the low-field

'Present address: Centre de Recherches sur les Trés
Basses Températures, CNRS, B.P. 166, Centre de Tri 38042,
Grenoble Cedex, France.

[Traduit par le journal]

Nernst—Ettingshausen (NE) coefficient experi-
ences also a sharp minimum of —470 x 10~°
V/Oe K at around 35K and for H=1kOe
in a pyrolytic graphite specimen heated to
3200 °C. By comparing the experimental and the
usual electronic diffusion term values of the
NE coefficient, these authors concluded that
there was a prominent phonon-drag effect. In
addition, it is interesting to note that similar
anomalies have already been observed in the
magneto-Seebeck and NE effects in other semi-
metals such as bismuth and antimony (Farag
1968; Red’ko and Shalyt 1968).

Theories for the phonon-drag effect in graph-
ite (Sugihara 1970; Jay-Gerin and Maynard
1970; Sugihara, Takezawa, Tsuzuku, H ishiyama,
and Ono 1971, 1972) use essentially the same
method relying on the two coupled Boltzmann
transport equations for phonons and carriers
with a relaxation time approximation for the
carriers and on a simplified energy-band model
with an ellipsoidal Fermi surface. It must be
noted, however, that the physical interpretation
of this phenomenon by Jay-Gerin and Maynard
on the basis of the enhanced coupling by
anisotropy of the Kohn (1959) phonons g = 2kp
with carriers is quite distinct from that by
Sugihara and collaborators.
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The analysis presented in this paper is based
on the theory of Jay-Gerin and Maynard of
phonon drag in graphite in zero magnetic field.
Our main interest is to extend this previous
study to the calculation of both the TEP and
the NE coefficient in the presence of a magnetic
field. Throughout the paper, we restrict our-
selves to magnetic field strengths less than about
15 kOe, so that all quantum-oscillatory effects,
as well as the variation of the Fermi energy with
magnetic field, are neglected.

. Phenomenological Formulation

The linear relations between electric current
density J, electric field E, negative temperature
gradient{—V 7}, and heatcurrent density U, may
be written as the well-known phenomenological
transport equations (Ziman 1965)

0] J=cE+ B —VT)
U=3E+x(~VT)

where the coefficients, actually tensors, satisfy

the Onsager relations of the thermodynamics

of irreversible processes

Ui_i(H) = O'jf(—H)
Tﬁfj(H) = Xjf( —H)
ki{H)=r{~H}
Following Sugihara et al. (1971), if the tempera-
ture gradient lies in the x direction, E = (F,. E,,
0} in the basal plane direction, and H = (0,0, /')

in the = direction, the TEP and the NE coefficient
are defined by

(2]

E
3 H)y=-*%
(3]  S(H) VT
_ Jyyx:tx( - H) - Crx_\'x_xy( _H)
T(g,0,, —0,.,0.)
E
4] Ang(H)Y = ¥
4] At =
— GxxXx_r( - H) - U_\'xx.\'_t( - H)
HT (0,0, —0.,0,)

For magnetic fields parallel to the high sym-
metry ¢ axis of graphite

[5] Oxx = 0
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and in terms of the magnetoresistivity tensor
=1

p=a
Pxx = Gxx/(gix + ny)
6
[ ] Pyp= — ny/(o-.fx + U.f_\-)

Using [5] and [6], S(H} and Ay{(H) can be
rewritten as follows:

(7] S(H)=(1/T)

X [Prxitasl —H) + Pty — D]
A H) = (1/HT)

X [Pt — HY = Pyt — H))

18]

To actually determine the TEP and the NE
coefficient it follows from [7] and [8] that we
need to know both the magnetoresistivity and -
Peltier tensor components. However, the low-
field galvanomagnetic properties of graphite at
low temperatures have been intensively studied
from many points of view (Kinchin 1953; Soule
1958; McClure 1956, 1958; Sugihara and Sato
1963, Arkhipov, Kechin, Likhter, and Pospelov
1963; Klein 1964; Ono and Sugihara 1966;
Spain, Ubbelohde, and Young 1967), so that
in the following we focus our attention essen-
tially on the derivation of the Peltier tensor y.
Using the method of = approach of the thermo-
electric problems (Herring, Geballe, and Kuriz-
ler 1958) we calculate the heat current density
U due to the presence of the electric field E
assuming the temperature gradient to be always
zero. y is then determined by the formula
U=yE. '

Now, because of the strong carrier-phonon
interaction in graphite, U must be considered
as the sum of two contributiéns: U,,, the usual
clectronic diffusion part and U, the phonon-
drag part. However, at low temperatures and in
the presence of high magnetic fields it is well
known (Puri 1965; Sugihara 1969; Tamarin,
Shalyt, and Volga 1969} that the main contribu-
tion to U comes from U, U, making quite a
small contribution. Accordingly, in the following
we shall ignore U/, and consider only the heat
transfer part due to drag. I

I11. Phonon-Drag Contribution to the
Heat Current Density U

We consider the approach to equilibrium of
the system of interacting carriers (electrons and
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holes) and phonons in graphite in the presence of a small electric field E || 0x and a magnetic field
H applied paraliel to the c-axis direction, here called 0z. The usual Boltzmann transport equation
for phonons of mode g j gives

[9 ] Uph == Z (2?7:) w3 I dq hwq‘ivqj‘rph(qj)(aqu/at)carr.
J

where we have written explicitly the dependence of the integrand on g/, g and j being the phonon
wave vector and the polarization index respectively. Since we are concerned with low-temperature
transport problems in graphite along the basal plane direction, only the longitudinal j = (/)
and transverse j = (f) “in-plane” acoustical phonons contribute to carrier scattering, “out-of-plane”
acoustical phonons being quite inefficient (Sugihara and Sato 1963; Dreyfus and Maynard 1967).
Therefore, 3; reduces to a sum over j = (/), () “in-plane” phonon modes only. For this class of
phonons, the dispersion relation c(q) is nearly cylindrical (Dreyfus and Maynard 1967). In the
present analysis, we assume o = v,q, for all the va!ues of w, where v; is the velocity of sound, g,
the component of ¢ on the graphitic planes (g7 = g7 + ¢;), and v,; = v{(4./4,) the phonon group
velocity. The phonon-relaxation processes other than those on carriers are described by a relaxation
time 7,,(q/). We assume that 7, (gj) is independent of H. Such an expectation is confirmed by
iow-temperature specific heat measurements in graphite in the presence of magnetic fields up to
60 kOe (Delhaes, Lemerle, and Blondé-Gondé 1971) (ON 4;/0t)gar.. is the time rate of change of-
the phonon distribution N ; as a result of the carrier—phonon scdttermg processes, and is calculated
correct up to the first ordcr in the electric field and the second in the carrier—phonon interaction
(Born approximation) within the framework of Jay-Gerin and Maynard (1970) and proceeding
as in the zero-field case. The Fermi surfaces of graphite are assumed to be true elongated ellipsoids
with energies quadratic in wavenumber (Soule, McClure, and Smith 1964)

[10] e(k,, k) = h2k3/2m, + H2K22m,

where m; and m, are the carrier effective masses perpendicular and parallel to the ¢ axis respec-
tively, We restrict ourselves to magnetic field strengths small enough (H < 15 kOe) to neglect the
quantum nature of the motion of the carriers in the magnetic field. In this case the treatment of the
magnetic field can thus be achieved in conjunction with the Boltzmann carrier transport equation
(Argyres 1958). To solve this equation, use is made of a similar method to that by Sugihara (1970)
and by Sugihara et al. (1971, 1972), assuming that the approach to equilibrium of the perturbed
carrier distribution that arises from the scattering of carriers by point defects and by phonons can
be described by a unique energy dependent relaxation time v (Blatt 1957; Dugdale and Bailyn
1967; Spain 1970). For this model under consideration, the integration of [9] is carried out in a
straightforward manner. Remembering that the phonon-drag components of the Peltier tensor
are defined by U, = x,,E, we obtain the following results:

e~ )l (- H)

[l 1 ] [XII( H) ]ph - H/C ‘uhH/C
and
[12] e H) Tpn = (25— H) Jon + D= H) I

where p, = |eh,,/m ¢ and p, = |e|t,/m} 1 are the electron and hole mobilities respectively. The con-
tribution {y2,(—H)1,, of the Ath carriers (A = e, h) is given by

Tn,lelc
H [1+ (u,H/c)*]
where n, is the Ath-carrier density per unit volume, le} is the magnitude of the electronic charge,
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¢ is the speed of light, and [S,(0)! is the absolute value of the phonon-drag contribution to the
TEP in zero magnetic field due to the ith carriers:

2 1 raz. v f'l(.[) r).(w)
R J:] w dw C-ph(kBT)<l—~i(w) T 1/Tph)

where the various parameters have the same meaning as in the Jay-Gerin and Maynard (1970) paper.

fn

[14] SO0 =18 5

IV. General Expressions for the TEP and the NE Coefficient and Discussion

Let us return to the eqs. 7 and 8 Using [11]-[13], we find the following expressions for the
TEP and the NE coefficient :

nele  {(EH/c)
H [l +(iH/c)]

nlele  {pH/c}
H? 1+ (pH/c)*]

where n = n, = n, Ry = —p,,/H is the Hall coefficient, i = {g4,)""? is an average carrier mobility
(Soule 1958: Spain, Ubbelohde, and Young 1967), S,,(0) = —|S5.(0)] + Sf,‘h(()) is the phonon-drag =’
contribution to the TEP in the zero-field case taking eclectrons and holes into account, and
1,0 = [S5,(0)] + SE,(0).

When deriving [15] and [[6], we have neglected the electronic diffusion part of the Peltier
tensor y. At low temperatures and in the presence of sufficiently high magnetic fields, this approxi-
mation is quite reasonable (Puri 1963; Sugihara 1969} and introduces only a very small error in
the above calculations of S(H) and of Ayg(H). For instance, Tamarin, Shalyt, and Volga (1969)
compared the experimental and “theoretical” {usual diffusion term) values of the NE coefficient
at T = 20 K for a magnetic field as small as | kQe. They found (Ayp)ure. & —30 x 1077 V/Oe K
whereas (Ang)e,, & —400 x 1072 V/Oe K. On the other hand, Sugihara et al (1971) reported
the diffusion term of the NE coefficient calculated by Okuyama and Takeya for H =1 kOe as a
function of temperature. The magnitude of this term was consistent with the previous numerical
estimate of Tamarin, Shalyt, and Volga (1969) and the curve of (Ayp)ayr. V8. T showed a very
smooth variation over the entire low-temperature region. Such results confirm our eXpBCtdtlon

It is now worth noting that [15] and [16] turn out to be extremely useful in practice since they
provide a convenient way of obtaining information about the electron— and hole—phonon inter-
actions in graphite directly from experiment, Using these formulas, it is not difficult to determine
numerically and separately both |85,(0) and $5,(0), by measuring simultaneously on the same
sample of graphite the TEP in the absence and in the presence of a magnetic field with the Hall, mag-
neto-resistivity, and NE coefficients. Then, in the light of the theoretical results of Jay-Gerin and
Maynard {1970), the coupling constants of the electron— and hole—phonon interactions can readily
be deduced. Since the effect of phonon drag is proportional to the strength of the carrier--phonon
interaction, the knowledge of these coupling constants is quite important, essentially in providing
an opportunity to understand things about the delicate problem of the negative sign of the TEP
of graphite, in which the number of holes is equal to the number of electrons. Unfortunately,
neither Tamarin, Shalyt, and Volga (1969) nor Takezawa, Tsuzuku, Ono, and Hishiyama (1971)
have reported experimental data on R,; and p.,. In addition, low-temperature thermal conductivity
measurements are also desirable for determining the phonon relaxation time t,,, which appears
in [14]. Consequently, because of this lack of experimental data, it appears not to be possible
at the present time to obtain accurate information about the electron— and hole—phonon inter-
actions in graphite from the formulas derived in this paper.

Although a quantitative analysis of the results of Tamarin, Shalyt, and Volga (1969) and of
Takezawa, Tsuzuku, Ono, and Hishiyama (1971) requires further experimental studies on the same
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samples of graphite, let us now turn our attention to the temperature and field dependences of the
TEP and of the NE coefficient, as deduced from [15] and [16]. Analysis of Soule’s experimental data
(Souie 1958) indicates, for the patural graphite single crystal coded EP 14, that (zH/c) is about
equal to 21 at 4,2 K and to 2 at 77 K for a magnetic field strength of 3 kQOe. On the other hand, it
is well known (Soule 1958; Spain, Ubbelohde, and Young 1967; Spain 1970) that i decreases with
Increasing temperature as about T~ '* from 20 K to 500 K, while below about 20 K the curve
of i vs. T flattens somewhat indicating the increasing effect of impurity scattering. Consequently,
in the temperature region below about 30K the inequality (iH/c)? » | appears to be certainly
well satisfied for a high-quality graphite crystal. We have, however, to notice at this point that the
observations of the de Haas-van Alphen effect (Williamson, Foner, and Dresselhaus 1965) and
of related oscillatory varjations in the magnetoresistivity (Soule 1958; Soule, McClure, and Smith
1964; Wooilam 1971) and in the Hall effect (Soule 1958; Woollam 1971) at 1.1 and 4.2 K show
that the quantization becomes important for H = 15 kOe. In other words, since we have treated
the motion of the carriers in the magnetic field in a classical way through the Boltzmann transport
equation, the present analysis is correct for magnetic fields fairly strong but certainly less than
about 15 kOe. In the case of (uH/c)? » 1, [15] and [16] reduce to the following expressions:

o~ | Pox § h(O)
" )= nIEiCl:Rﬁlsph(O)l * H (;H/c)]

~ HRy;S,,(0)
(18] ANE(H)_(n!eic/H"-)[—p,mlsphm)i +ﬁ]

We now discuss the TEP in this low-temperature limit, namely T < 30 K. We first observe from a
crude numerical estimate that the dominant contribution to S(H) is given by the first term of
[17]. It is easy to see that this term arises from {%x Jon- The physical explanation is straightforward
and as follows. For a magnetic field H || 0z and an electric field E [ Ox, electrons and holes mainly
drift along the y direction, This carrier flow drags phonons with itself, and thus induces the Peltier
heat (U.,;,),. With the above observations, {17] can be used for explaining the experimental behavior
of S(H). Firstly, S(H) is expected to be negative because Ry is negative in the limit under consid-
eration. For instance, for crystal EP 14 at 8 kQe, Ry, is changing very rapidly from about —8 cm?/C
at 42K to —0.2 cm?/C at 77 K (Soule 1958), Secondly, since [S,,(0)] exhibits a sharp maximum
as a function of temperature near 40 K (Jay-Gerin and Maynard 1970) and since |R;| varies as
about T "2, the position of the phonon-drag TEP dip will be shifted towards Ty = 30 K, indepen-
dently of the magnetic field strength. Finally, for T < T}, |S:(0)] is expected to vary exponentially
with temperature like the Einstein function C,,(wy/T), wy being the Kohn phonon frequency
(fay-Gerin and Maynard 1970), Therefore, |S(H)| varies with temperature as T~ 2C,,(wy/T).
On the other hand, S(H) behaves like Ry as a function of magnetic field, and thus shows a H?
dependence. All these conclusions are supported by the experiments of Takezawa, Tsuzuku, Ono,
and Hishiyama (1971),

We now consider the NE coefficient in the same limit of low temperatures. Here, the term arising
from [y, ], in [18] may be neglected, and Ay (H) becomes simply

[19] Ang(H) % —(nlele/H?)p ]Sy (0)]

Equation 19 gives a negative sign for 4yp(H) in agreement with the observations of Tamarin,
Shalyt, and Volga (1969). According to Soule (1958), p., is found to fall off with increasing tem-
perature as about T ™% |Ayg(H) is thus expected to vary with temperature like T Cpplwg /T).
Such a behavior predicts a shift of the position of the phonon-drag dip—which arises from
[Spn(0)—from 40K towards lower temperatures, This agrees quite well with the gxperimental
measurements of Tamarin, Shalyt, and Volga (1969), who found a sharp phonon-drag minimum
for Ang(#) at a temperature between 30 and 35 K. On the other hand, Ayz(H) behaves tike p, /H?
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as a function of magnetic field. But, betow about 50 K, p,, has not a simple field dependence
(Soule 1958: Spain, Ubbelohde, and Young 1967). For instance, for Soule’s crystal EP 7 at T =
42 K, p,, continuously changes from about a H* dependence at [ow fields to a H®® dependence
at 25 kOe. Accordingly, Anp(H ) is expected to vary with magnetic field like H", where — 1.2 < n < 0.
Such a variation is in general agreement with the observations of Tamarin, Shalyt, and Volga (1969).

Let us now discuss the behavior of S(H) and of Ayg(H) at high temperatures, namely 7> 30 K.
In this temperature region, the previous inequality (iH/c)* » | may no longer be satisfied, and
we must go back to [15]and [16] to explain the experimental TEP and NE coefficient measurements,
Using the relation ‘

{20] Pz ™ poll + (RH/c)? ]
where p,, is the zero-field resistivity, we obtain for the TEP

(iH/c)?

[21] Rty iep 1S

S(H} ~ nfelf[ O} + = (uH/C)Sph(O):'
where |Ry| is going with temperature as about T "2 and Po roughly varies as T'2 According to
Jay-Gerin and Maynard (1970), |S,,(0)i behaves like T7! for T above the temperature of the -
phonon-drag dip as a result of the weakening of the carrier—phonon interaction on account of
the thermal smearing of the Fermi surface. Thus, if the limit (iH/c)? > 1 is assumed to be exact,
IS(H)| goes about as T ~°. But, as we see from [21], it clearly appears that we may expect a still
higher temperature dependence for S(H ) above 30 K when this inequality is no longer satisfied.
In other words, the behavior of S(H) is linked very sensitively with the magnitude of (BH/c)y* with
respect to unity. What it means, physically, is that the purity and the quality of the sample of
graphite used play a prominent role as far as the temperature dependence of S(H) above the
temperature of the phonon-drag peak is concerned. Actually, it may be concluded from this analysis
that |S(H)| decreases as T ™™ above 30 K, with 3 <m < 5.5 dépending on the properties of the
sample. If the sample is pure and of good quality, m — 3. It should be noted here that, Sugihara .
(1970) and Sugihara er al. (1971, 1972) give a T ~° temperature dependence for S(H) for T > 30 K.
Their calculations, however, take the anharmonic phonon-phonon scattering into account for,
explaining the decrease of 1S,,(0)| in this region. We do not believe that the phonon— phonon,'
interaction plays any primary part here. The present study seems to confirm our expeclation.
Experimentally, Takezawa, Tsuzuku, Ono, and Hishiyama (1971) reported a =T ~*3 dependence
for |S(H )| above 30 K. But, without any information about the quality of their sample, it is difficult
to compare their measurements with our results,

Finally, {et us turn our attention to the behavior of 4y g(H) for T > 30 K. Usmg [20] we obtam
{rom [16]

(22] A(H) = "(i?|e|C/H2)(ﬁH/C)2p()‘Sph(0)i

In deriving [22], we have again neglected the
small contribution due to [y, ], Unlike S(H),
the temperature dependence of Ayg(H) is quite
well determined. We find a T 722 behavior
above the temperature of the phonon-drag dip.
As a function of field, Ang(H) varies like
P/ H?. According to Soule (1958), p.. behaves
like H'® above 50 K, and thus induces a H ~"2
field dependence for Ayg(H). These results are
in excellent agreement with the measurements
of Tamarin, Shalyt, and Volga (1969},
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APPENDICE

=
Las équations de transport en présence d'un champ magnétigue H s'écrivent,

d'une maniére trés générale [(Zimen 18965),

E=pd+sVr (1)
- -
U=m]-k VT, (2]
cu encora, sous une forme éguivalente,
J=0of - g VT (3)
5
U=y - « V7. (4

Dans ces expressions, j désigne la densité de courant électrigue, £ 1e champ électri-
que., %T le gradient de temperature et ﬁ la densité de courant de chaleur. lLes divars
goefficients D[ﬁ] (magrnétorésistance]), s(f) (pouvoir thermoélectriqual, T (coef-
ficient Peltier), «(A) (conductiviteé thermique), G[ﬁ] (magnétoconductivité), Bfﬁ} et
X[ﬁ] sont, en fait, des tenseurs st sont reliés par les reletions de Onsager de la

tharmodynamique des processus irréversibles (Onsager 1931)

. e
pij{H] = pji[-HJ (5)
K, . (H) = k.. -1 (G}

1] ji

—+ 1 >
J(H)Y = = 1w, ,(-H]), (7]
1] T 7 jd
et

o, (A1 = o, (- (8)

i3 ji
TR, () = .. (-H) (9)

Byi R

A partir de la relation (1], 1’éguation de définition du pouvoir thermoé&lectrique S

s'écrit
E =5 VT, (10)

—-
gvec la condition auxdiliaire J = 0. Supposons gue la direction 0z cofncide avec la

.
direction du champ magnétique H et cansidérons le cas particulier ol il existe un
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N
gradient de température VT suivesnt la directien Ox. L'squation (3) donne alors







J =g E + 0 E -8B VXT (11
J =0 E + 0 E -8B VXT s (123

. .
ol E)< et Ey sont les composantes du champ électrigue &, qui apparait transversalement

> - .
4 H. La condition de courant électrigue nul, j = 0, signifie & la fois JX = 0, ce gqul

entraine la relation

_ E, E,
——— = - 3
Tx T T Oxy v Bxx ' (13
X X
et Jy = 0, ce gqui conduit & la relation
E 3 g =
Yoo oYX _¥X X (14)
VT ¢ a VT ©
vy Yy x
E
En éliminant la guantité VMT entre les &quations (13) et (14), nous obtenons directe- -
‘ X
ment l'expression du pouvoir thermcélectrique
Ex UyyBxx ) nysyx
S[H] = SXX =—v*ﬂ-:]:v=g G o o . [15)
X XX WY XY ¥X

Notocns gu'en 1’absenge de champ megnétiques, cette expression se réduit a
g

BXX(D]
3(0) = o5
XX
u
qui n'est autre gue la relation E{—5J+ rencontrée au chapitre TII,
T Jx V120

l.*'effet Nernst-Ettingshausen se manifeste traditionnellement par 1'appari-.
tion d'un champ électrique normal au gradisnt de température en présance d'un champ
magnéticue transverse, en analogie avec la configuraticn de 1'effet Hall. L'éguation
de défipiticn du coefficient Mernst-Ettingshausen ANE s'écrit

. >
E = ANE[HA_V*TJ, (18)

- -+
avec la gondition auxilieire J = 0. Considérons & nouveau le cas particulier o0 H//0z

et VT//0x. €n éliminant la quantité'vﬁ? entre les éqguations (13} et (14), nous obte-
N :
nons immédiatement
£ o] - a
Ay (H) = e = o~ G : (17)
NE H VT HEGxxny - nydyx]

Cans le cas du grephite, pour des champs magnétiques f paralleles & 1'axe ds haute
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symgtrie o, nous avons les relaticns supplémentaires :

o) =g . (1e;
XX vy

o = - g , (19)
Xy y¥ :

1

XX
p = . (20}
XX O2 . O_2
XX Xy
- O‘xy
o} T et (21)
Xy 02 N 62
XX Xy

En utilisant les relations (18) - (21) avec le relation (9), nous pouvons réécrire

S[H) et ANEfHJ sous la forme

S{H)

1

1
T [0 o 9oy (TH1] (22)

24 PRI -
Aye ) = [pxx)(xy( M= P, X H3] . - (23)

T1 est intéressant de remarguer ici 1'avantage que présentent, par rapport aux expres-
sions (15) et (17), les expressions (22) et (23) : en effet, pour les premiéres, il
est nécessaire de considérer simultanément les effets du champ &lectrique et du gra-
dient de température ("approche-Seebeck”), tandis gque pour les secondes, il suffit de
résoudre un probléme de conduction purement €lestrique en supposant qué le gradient

de température est identiquement nul ("approche-Peltier”). T1 convient également de
noter les propriétés, extrémement utiles sur le plan expérimental

5(-H) S(HY , (24)]

Ay (THY = ~A L CH) | (25)

Celles-ci nous anseignent ou’un renversement du champ magnétique change le signe de
la force électromotrice Nernst-Ettingshausen, mais laisse inchangé 1le signe de la

force &lectromotrice Seeheck.
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FARTIE 1T

ETUDE DE LA "TRANSITION STATISTIQUE"
PAR UN CTHAMP MAGNETIRUE INTENSE
DANS LES SEMICONDUCTEURS
EN REGIME EXTREME QUANTIQUE







RESUME

Le théme central de la seconds partie de ce travail est d'examiner le com-
portement des &lectrons de conduction d'un semiconducteur en "régime extréme quanti-

”

que”, c'est-&-dire lorsqu'il ne reste plus qu'un seul niveau de Landau cccupg par
les electrons en desscus du niveau de Fermi. En régime extrdme guentique, la distri-
buticn électronique est régie principalement par la position du nivszau de Fermi ¢
par rapport au¢ bas de la sous-bande de Landau fondamentale %-ch. Lorsgue la "lar-
geur” de la bande remplie (T - % Fg) devient inférieurs & 1'épaisseur kBT du

"flou" thermigue au niveau de Fermi, la statisticue de Fermi-Dirac évolue vers la
rstatistique classigue de Maxwell-Boltzmann. A partir de cette idée, nous avons étu-
dié les modifications gui apparaissent, par suite du chengement de statistigue =t

de dimensionalité des électrons en champs magnétigues intenses, dans la chalesur spé-
cilfigue électronigue, le coefficient.d'effet magnétothermicue (%%JS gt les coeffi-
cients de transport tels gue le pouvoir thermoélectrique (contributions de "diffu-

sion" &lectronigue et de "phonon-drag") et le coefficient Nernst-Ettingshausen.
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CHAPTTRE I







GAZ T'ELECTRONS "LIBRES"
DANS UN CHAMP MAGNETIRUE INTENSE
A TRES BASSES TEMPERATURES
[TRAITEMENT DE LANDAU)

Les différentes caractéristigues thermodynamiques d'un conducteur -métal ou
semiconducteur-, ainsi aque sas propriétés de transport, peuvsnt, sous certaines con-
ditions, &tre radicalement modifiées & basses températures par lapplication d'un
champ magnétigue intense.

Cas modifications sont la conséguence directe de 1'effet de la guantifica-
tion du mouvement orbital des électrons dans un champ magnétique.

Classiguement, 1l est bien cannu (voir, par exemple, Landau et Lifshitz
1951) gu'un électron de charge e et de masse effective m*, soumis & un champ magnéti-
gque uniforme constant ﬁ parallele & l'axe Oz, décrit uns helice dont 1’axe est dirigé
sulvant le champ. La projsction du mcuvement dans un plan perpendiculaire au champ

est un mouvement circulaire de raycn arbitraire et de vitesse angulaire

s (I-13

la fréquence cyclotron. A ce mouvement périodique en mécanique classigue correspond
des niveaux d'énergie discrets en mécanique quantigue, appelés "niveaux de Landau”.
En d'autres termes, seuls certains rayons deviennent possibles pour les orbites cir-
culaires &lectroniques. Les effets de Haas-van Alphen [variation oscillatoire de 1a
susceptibilité magnétigue avec 1'inverse du champ magnétique) et Shubnikov-de Haas
(oscillations de magnétorgésistance) donmnent une remarguable démonstration de la guan-
tification de Landau des niveaux d'énergie des &lectrons dans un conducteur en chamn
magnétinue éleva.

Pour décrire le mouvement orhital quantifié d'un 8lectron dans un champ
magnétique ﬁ, il est nécessaire d'introduire le potentiel vecteur K de ﬁ, tel que
g = ;g% K. Considéreons le mod2le simple d'une bande d'énergie parabolique et isctrope
dans 1l'espace des moments, caractérisée par la masse effective m* lapproximation de
masse effectivel. Un tel modéle est parfaltement approprié dans l'étude des cemposés
ITT-V semiconducteurs ayant des concentrations suffisamment faibles en &lectrons. £n

1'absence de champ magndtigue, 1'é&nergie est

E(R) = [sz +po Di} , (1-2}
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-~
ol p , p et p_ sont les composantes du moment p da 1'électron. L'xamiltonien magné -
X Y z

tigue correspondant 5gest donné par (Landau 1930)

P4 - 2 (b -2h° . (1-3)

- >
En choisissant le potsntiel vecteur A du champ uniforme H # 0z sous la forme

{jauge de Landau)

1’ %amiltonien% devient

ﬁ@,: 1 [pz + (p o+ i ><]2 + pz:l s {I-53)
* L% N C z

Zm
ol W, est la fréguence cyclotron définie Eq.(I-1). Pour un cristal de dimensions
Ly et LZ respectivement dans les directions Oy =t 0z, et de dimension infinie dans
la direction Ox, les fonctions prapres de gzsont {voir, par exemple, les mises au
point de Roth et Argyres 1968, de Slater 1967 et d'Askenazy 1973)

1 .
ilk y+kZZ]

- _ _E' ~ y B
(r) = L) qbn[x xo[ky)] e , (T-6)

i1Un,l« s K
A Z

ol ky et kz sont les nombres d'onde associés avec les composantes y et z du mouvement
de 1'&lectron, n est un nombre QUantique gui peut prendre les valeurs G,1,2,3,..., et
¢n[x - xo[Ky)j sont les fonctions d'onde normalisées d'un oscillateur harmonique &

une dimension de fréguence w_ et centré au point

Xo = <k, . (1-7)
m W Y
5‘{ . -+
Les valeurs propres de associees avec les fonctions d'orde wn K ok [(r] sont
¥ yJ Z
2
£ = {n + l] M+ i kz s (1-83
N,k 2z o xX 'z
z 2 m

ol les premier terme est 1'énergie guantifiée correspendant au mouvement de 1'élactron
dans le plan xy perpendiculairement & ﬁ et le second est 1'énergie cinétigue due au
mouvemant [libre} de 1'électron parzll@lement & g} Ainsl, en présence d'un champ ma-
gnétique uniforme, la bande =2st clivéde en une série de sous-bandes unidimensionnelles
{sous-bandes de Landau), chaque sous-bande étant identifige par le nombre guantigue

"orbital® n. En particulier, & la sous-bande de Landsu fondamentale, n = 0, corres-
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pond une énergie de 1'é&lectron

2
1 I 2 ~
ED,R =5 MUJC + X kZ (T-9)
z Zm
et une fonction d'onde o
1 1 1 o rc: K
N -3 . Yy 10k yrk 2]
= T _
wD,k K (r) ELyLZ] (m rC] e o e s (I-1i0)
y' iz
ol
2 K Ke
T = - = (T-11)
c mch e| H

a8t le rayon cyclotren classigue pour 1'2lectron dans san état fondamentzl. La natu-
re du spectre électronique =n présence d’un champ magnétigue est illustrée Figs.(1)

et (2).

Chaque sous-bande (niveau) de Landau possiéde un haut degré de dégénéres-
cence : ceci apparait clalrement dans le falt que 1'énergie (Eq.(I-B)) ne dépénd pas
du nombre guantiqua ky. Le nombre d'é€tats dégénérés peut é&tre déterming en introdui-
sant des conditiens aux limites périodiques dans la direction Oy (ky peut alors prean-
dre toutes les valeurs multiples de ZW/LyJ et en tenant compte du fait gue le "centre"
de l’Décillateur dolt rester & l'intérieur du volume occcupg par le cristal (seaules
sont alars permises les valeurs de ky telles que 0 € x_ = (- # ky/mch} £+ LX, ol L><
est la dimension gu cristal dans la diraction Ox). Ainsi, pour une énergie donnée &
(c'est-3-dire, pour une valeur du nombre guantigus n et une de kz}, le nombre total

d'états ky possibles est égal a

Ce résultat peut &tre utilisé pour obtenir 1’expression de la densité d'étals en pré-
sence d'un champ magnétique. Considérons en effet, nour n fixé, l'intervalle de nom-
bre .d’'onde dkz, compris entre kz at kz+dkz. En introduisant des conditions aux limi-
tes périodiques dans lg direction Uz (les valeurs permises de kz sont alars toutes

ies valeurs multiples de Zﬁ/LZ}, nous trouvons aisément que le nombre d'états électro-

nigues possibles dans 1'intervalle dkz gst donné par :

q}' mX U!C
— — = dk
[Zﬂjz H z
ol ?’ = L>< Ly LZ est lg volume du cristal.
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Fig. 1

Sous - bandes de Landau
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Fig. 2

Magnetic quantization of a spherical constant ensrgy surface in ?—space
into discrete, concentric cylinders whose axes are parallel to the magnetic
field. The dashed circle represents the Fermi surface.

{From H.M. Rosenberg, "Low Temperature Solid State Physics®, p. 352, Oxford

University Press, London, 1963). 97




Le nombre d'états possibles dans l'intervalle d'énergie de, compris entre € et g+de

est éloré, pour la scus-bande de Landau n

®
z v’ T_& [ﬁ] de ,
om? H e

oll, compte-tenu de 1l'équation (I-8],

dk ] -1/2
z, _ 1,20 /2 [ 1
(mde ] = 5 t_"ﬁZJ [8 {n+ 2] ch]

En additionnant les contributions de toutes les sous-bandes de Landau n permises,

nous ohtenocns pour la densité d’étatsép[ﬁ] par unité de volume et d'énergie

Bie) =

N =

b s n=m
(2w % (Z ] [ ST m:l"l/z , (1-12)
W © =0 2 E

ol m est la valeur maximum de n satisfaisant e-(n+ %Jﬁma > 0. L'allure de la fonction
Die) est montrée graphiquement Fig.(3). Nous vaoyens cuedd(e) différe considérablement
de la fonctiaon
-2 oM 3/2 1/2
B () = (2m) C (TS eVl
o 2
#
donnant la densité d'états par unité de volume et d'énergie en 1'absence de champ
magnétique.
Alors que la variation d8490(5] en fonction de 1'énergie est monotone

1/2], la densitd d'étatsdBle) en présence d'un champ magnétique présente une

(loi en ¢
singularité au bas de chague sous-bande de Landau, c©'est-a-dire chaque fois gue

£ = (n + %J ﬁwm. L'origine d'une telle singularité provient essentiellement de 1a na-
ture unidimensionnelle des ondes longitudinales KZ doent la densité devient grande et
varie comme k;l lorsgue kz > 0. Tous les effets magnéto-oscillatoires, tels que
1'effet de Haas-van Alphen ou 1'effet Shubnikov-de Haas, reposent fondamentalsment

sur ce comportement singulier de la densité d'états en fonction du champ magnétique
appliqué H. Dans tout le développement qui précéde, nous avons ignoré la dégénérescen-
ce supplémentaire due au spin de 1'élsctron. Naturellement, dans un champ magndtique

suffisamment intense, cette dégénérescence est levée : chadque niveau de Landau se cli-

ve en deux sous-niveaux, séparés 1'un de l'autre par une énergie
H
g Ug Hs

ofl g est le facteur de Landé de 1'électron (Cardona 18633, g = lel W/ 2m, ¢
le magnéton de Bohr et m, la masse de 1'@lectron libre (Fig.4). 98
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Fig. 3

Density of states for no magnetic field, &)O(E), and for H # 0, 09 (E).
The number of each Landau ievel is given in the figure.
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Effect of electron spin.
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L'expression pour les valeurs propres de 1’énergie (Fq.(T-8)1, incluant 1'effet de

spinlde 1'&lectron, s'éorit
2 2
1 M kz

€n,kz,c = (nv 5l g+

- %—g U o H, ({I-13)

* B

2m

oiy @ = ¥1 correspand aux deux orientations possibles de spin, parallele et antiparal-
1&le au champ magnétigue appligué.

L'éoyation (T-13) peut Btre réécrite sous upe forme plus compacis :

1 ' HQKE
En,k o - [n o (1 - ycﬂ] ﬁmc + = (I-14)
z ; : 2m
oli Y = gEm*/ZmOJ, Pour se fixer les idées, on peut noter les valeurs |y| = .33 pour

1'entimoniure d'indium type n (g = -44) et ¥ = 0.013 pour 1’arsZniure cde gallium
type n (g = 0.32) (Roth et Argyres 1966). iz densité d'états par unité de volume et

d'énergie pour la sous-bende de Landsu n st le spin 0 devient

% : -1/2
21 =72 ,2m".3/2 _ 1 R
@mgtm = 5 (2m) t-~ﬁ2 ) ch{e [n 31 - y0)] mc} .
La densitg d'états électronmiques totale, inmcluant le spin de 1'&lectron, est alars

cbtenue en soammant sur n et ¢ :

,Qﬁ{e) = nzgéén,d[e) .

DEFINITION DES DOMAINES QUANTIQUE, ULTRA-RUANTIQUE ET HYPER-QUANTIQUE.
ROSSIBILITE D'UNE "TRANSFORMATION STATISTTIRUE”
PAR UN CHAMP MAGNETIQUE INTENSE

Selon 1'intensité du champ magnétique appliqué, il est possible de définir
trois domaines bien distincts, & sevoir le domaine guantigue, le domaine ultra-
—quantique et le domaine hyper-quantigue.

Le "domaine guantiqua" correspond & des champs megnétigues suffisamment foris, tels

que les condiltions suivartes
wT > 1,
C

ofl T est le temps de vie moyen d’un électron entre deux chocs consécutifs, et
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<< :
kBT ﬁmc <r,

oll £ est 1'énargiz de Fermi, sont réalisées. Ces conditions appellent naturellement
guelques commentalres. En effet, nous avons Jusqu'ici envisagé unicuement le cas d'une
température nulle T = 0 K &t d'un libre parcours moyen glectronique infini, ol le
concept de niveaux d'énergie de 1'électron a upe signification rigoursuse. En falt,
dans tous les syst®mes réels, 13 existe des ccllisions entre les &lectronms st divers
types de diffuseurs. (es collisions condulsent & une indétermination dans 1’énergie
des états stationnaires ou, san d'autres termes, & up €largissemsnt des niveaux de
Landay d'une guantité de 1'ordre de %u d'aprés le principe d'Heisenberg. Il est évi-
tant que la quantification des orbites électroniques en niveaux de Landau ne peut
&tre chservée gue si Hmc >> %-[ce qui équivaut & w_T >» 1), c'sst-a-dire si la "dis-
tance” entre les divers niveaux de Landau excide largemant 1l'épaisseur d'un niveau.
Physiquement, ocela signifie gue 1’électron effectue plusieurs révolutions autour du
champ magnétique avant d'étre diffusé. La température joue également un rfle fonda-
mental dans 1'observation de la guantification des orbites électronigues. Tl est an
effet nécessaire que 1'intervalle d'énargie séparant deux nilveaux ds Landau voisins,
a8 savolr Hwa, soit trés supérieur & la largeur du "flou thermicgue” au niveau de
Fermi, qui sst de 1'ordre de kBT. Evidemment, 1'inégalité ch >> kBT en résulte.
Cette derniére condition, compte-tenu des champs magnétigues utilisables actuellement,
n'est ordinairement setisfaite gu'd trés basses températures (4 K, ou plus basse tem-
pérature). Dans un tel domaine de températures, le gaz d’électrons est dégénéré

(kBT << ), et 1'occupation stétistique des diverses sous-bandes de Landay sltuées
au~dessous du niveay de Fermi (L > HmCJ est pouverpée par la fonction de distribu-
tion de Farmi-Dirac. _

Si 1'on augmente pfogressivement le champ magn@tigue appligué, les niveaux
de Landau franchissent un & un le niveau de Fermi, occasionnant & chague passage une
singularitd dans la densité d'états. Une telle situation se refldte par des effets
oscillatoires dans les propriétés thermodynamigues et cinétlgues, tels que 1'effet
de Haas-van Alphen ou 1'effet Shubnikov-de Haas. Pour un champ magnéticue suffisam-
ment intense, il arrive un mement ol tous les niveaux de Landau ont franchl le niveau
de Fermi, excepté le derpier. Pourvu gue la température soit suffisamment basse, tous
les électrons s'accommodent alors dans le plus bas niveau de Landau avec le nombre
quantique n = 0. Ce régime, pour leouel w.T >> 1, ch >> KBT et %—ﬁmc > L, est appelé

"régime extrdme quantique”. Evidemment, dans ce régime, tous les effets oscillatoires

dont nous avons parlé ci-dessus disparalssent, et les diverses caractéristigues ther-
modynamigues et cinétiques du conducteur évoluent de fagon monotone en fanction du
champ magnétique. A titre indicatif, dans les matériaux semicenducteurs comme, par

exemple, Ga As ou In Sb, avec des concentrations d’électrons suffisamment faibles,
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disons de 1'ordre de guelques 1018 Dmﬁa, le régime extréme guantigue est attsint &

trés basses températures (X 4 K) pour des champs magnétigues typiquement de 1'ordre
de 50 cu 100 kB. La figure 5 1llustre la nature du spectre &lectronigue dans ls
régime extréme guantigue.

Nous devons maintenant noter une remerque d'intérdt fondamental pour la
suite de notre &tude : en régime extréme guanticque, la distribution électronique
est régie principalement par la position du niveéu de Ferml # par rapport au bas ds
la sous-hande de Landau. fondamentale %—Hmc. Une telle remarque nous am@ne & définir
les domaines ultra st hyper-guantioues. Nous parlons de "domaine ultra-quantigue”
lorsque, en régime extréme guantique, la distribution électronique obéit & 1a sta-
tistigue de Fermi-Dirac. Ceci est réaljisé tant que 1'inégalité - %—ng >> kBT est
satisfaite ou, en d'autres termes, tant gue la "largeur"” de la bande remplie excéde
1'épaisseur KBT du "flou thermigue" au niveau de Fermi. 51 nous augmentons alors
1'intensité du champ magnétigque appliqué, 1'ensemble des &lectrons est conduit nro-
gressivement vers le niveau de Fermi. On peut montrer em effet qu'a champ magnétique
croissant, la "distance" qui s@pare le bas de la sous-bande de Landau fondamentale
n = 0 du niveay de Fermi décrolt trés rapidement comme 1/H2Evoir, par exempls, Roth
et Argyres 1886 st Askenazy 1873). Tl est d&s lors facile de concevoir & la limite,
en champs magnétiques trés intenses, gue 18 bas du niveau de bLandau n = O s'approche si
prés du piveau de Fermi gue la cendition Z- % ch >> kBT n'est plus réalisée. Dans
ce cas, le comportement du conducteur devient celui d'un conducteur non-dégénars.
C'est ce domaine de champs magnétiques, dans lequel le gaz d'électrons ob&it effecti-
vement 3 la statistique de Maxwell-Boltzmanrn, qui corregspond au "domaine hyper-
—quantigue” [Askenazy 1973).

Un champ magnétigue peut done transformer, en regime extréme quantigue, la
distribution dégénérées - %—ch >> kBT en une distribution non-dégénérée
- %—Hmc £ kBT. Le passage de la stetistigue de Fermi-Dirac a la statistique de
Maxwell-Bolizmann commence cds que le has de la seus-bande de Landau fondamentale
n = 0 s'approche de la région du "flou thermigue” (v RBT] au niveau de Fermi. Ainsi,
a4 champ magnétigue croissant, 1'ensemble des &lectrons se trouve amensd progressive-
ment dans le régime de statistique non~dégénéré. L'état statistigue du conducteur

peut Btre congldéré comme totalemeni non-dégénéré lorsque 1'énergle cindtigue moyen-

ne des &lectrons (repdrée par rapport au bes de le sous-bands de Landau n = 0) le
long de la directisn du champ megnétiqus appliqué devient de 1'ordre de % kBT. En
d'autres termes, le systéme peut 8tre considéré comme totalement non-dégénéra deés

gue la dynamigue du gaz 4'électrons devisnt identigue & celle d'un gaz non-daégénféré
quasi-unidimensionnel. Expérimentalement, la "transformation statistigue” (dégénréré

en non-dégénérel a &té observée pour la premi®re fois par Askenazy, Ulmet et Léotin
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Energy Tevel diagram of electrons in the extreme
quantum region.

(The effect of spin is neqlected).
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{1968) dans la magnétorésistance longitudinale [pﬁ,] et transverse fgl} d'un échantil-
lon d'arséniure de gallium (Ga As] de type n, avec une concentration d'électrons de

3.8 x 1818 om_a, a T =2 K. En utilisant un champ magnétigue pulsé de 400 kG, ces

auteurs ont mis en évidence, lorsgue le gaz d'électrons passe d'un état dégénéré & un’
état non-dégéréré, une "oscillation” géante de Py et QL commengant vers 30 kG, at-
teignant un maximum vers 80 kG et décroissant rapidement vers une valeur négative re-

lativement faible et variant lentement & environ 150 kG (Fig. BJ.

EFFET DE L'ELARGISSEMENT DES NIVEAUX DE LANDAU oy AUX COLLISIONS.
TEMPERATURE DE DINGLE

Comme nous 1'avons mentionné précédemment, 1'effet des collisions conduit
& une indétermination dans 1'énergie des états stationnalres glectronigues, c'est-a-
-dire & un élargissement des niveaux d'énergie de Landau. Si T est le temps de vie
moyen d'un électron entre deux collisions consécutives, 1'incertitude correspondante
sur 1’énargie est, d'aprés le principe d'Heisenberg, [ %12 (Fig. ZJ.

Evidenment, cet élargissement des niveeux de Landad dd aux collisions peut

entrainer une modification profonde de la courbe de la dansitd d'état5<§9(5] 1 sui-

>
c v

1/[& - [n + %] ﬁmc] 172 (voir £q. (I-12)), s'smortissent, =t dD (e) se transforme en

vant que Hw, >> T (w,T >> 1) ou que Hw T (w,T 7 1), les singularités m§5a[53, en
une courbe présentant uns série de maximums plus ou moins marqués (Roth et Argyres
1966, Landwehr 1868 et Askenazy 1873). En particulier, dans 1e cas od A T, les
divers niveaux d'é@nergie se recouvrent les uns les autres, et le caractére quasi-
-périodique de la densité d'états disparait totalement (Fig. 8).

L'effet des collisions électronigues sur la densité d'états est obtenu
simplement en supposant que 1'élargissement de chague niveau de Landau peut &tre dé-
crit par une fonction de distribution de forme Lorentzienne, paremétrée par ls
"temps de collision™ T. Ca traitement, de nature essentiellement phénoménologique,

a été formulé 4 1'eorigine par Dingle (1952) dens le cas d'un gaz d'dlectrons libres,
pour étudier 1"influence des impuretés suf 1'amplitude da la composante oscillatoirse
de la susceptibilité diamagnétique des métaux (effet de Haas-van Alphenl. Il a en-
suite &té étendu par Williamsan, Foner et Smith (1964), en utilisant la méthode de
Lifshitz et Kosevich {1855}, au gas d'une surface de Fermi de géométrie arbitraire.
Plus récemment, une étude ripoureuse de 1'influence des collisions &lestronigques sur
1'effet de Haas-van Alphen, ne nécessitant aucun recours & 1'attribution bhénoméno—
logigue additionnelle d'une fongtion de distribution spécifigue pour décrira chague

niveeu de Landau, a &té développée par Brailsford [1866). Notons enfin les travaux
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Fig. 7

Niveaux de Landau et energie
de Fermi, compte-tenu de
“elargissement du aux collisions

et du flou thermique 07




UNITES ARBITRAIRES ——»

o
N

Fig.8

Amortissement des singularités de la densitéd d'atat.

(D'aprés G. Landwehr, "Physics of Solids in Intense Magnetic Fields",

- p. 415 {Plenum Press, New York, 1969)).
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de Kubo, Miyake et Hashitsume {1965), qui ont donné une description détsillées de
1'effet das collisipne sur las propristés de transport (essentiellement sur las com-
posantes transverse et longitudinale du tenseur de conductivité électrique) dans 1le
domaine des champs magnétigues intenses (Hwy >> KBT, HmD 2L,

Un des principaux résultets obtenus par Dingle (1852), wWilliamson et al.
(1864) et Brailsford (1965) est, qu'en premiére approximation, les collisicns donnant
un effet glqbal sensiblement identique & une augmentation apparente de température,
généralement appelée la "température de Dingle”, T = H/ZWKBT = T/ZWKB. En d'autres
termes, 1'influamce des collisions eglectroniques dens la détermination de la densité
d'états réelle paut 8tre obtenue simplement en ytilisant la densité d’états non-
-perturbée en 1'absence d'impuretés et une fonption de distribution thermique carac-
térisée par une température "effertive” plus &levée Tx = T + TD' Ceci revient donc
& assimiler l'amortissement des singularités e éafe) dil aux Dbllisiona, 4 un élar-
gissement thermigue équivalent des bords de la distribution de Fermi (voir, par
exempleg, les mises au peint de Landwehr 1989 et d’Abrikosov 1972).

Alnsi, toutes les copsidérations envisagées dans ce chapitre peuvent encore
Btre appliguées, lorsgue 1’on veut rendrs compte de 1'lInfluence des collisions, sim-
plement en remplagant T par la température "effective™ T*. Plus précisément, en ce
gui concerne la "transiticn statistigue" en régims extréme quantique, Is passags de
la distribution de Fermi~Dirac & celle de Maxwell-Boltzmann sous 1'action d'un champ
magnétique intermse, doit s'affirmer dés que la condition © - %—ch N kBT‘k est réali-
sée. Autrement dit, sous 1'influence des collisions, la "transitian statistique" est
gouvernée, nan plus per T, mais par la température "effective™ T:'< . toute
autre chose restant par ailleurs inchangés.

Dans tpute la suite de ce travaeil, nous avons négligé 1'effet de 1'élargis-
sement des niveaux de Landau, el consigérd des matériaux semiconducteurs de puretsé
et de gualité suffisantes pour qua i'inégaliteé W,T *> 1 solt vérifiee dans tous las

cAas,
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ETUDE DBE LA CHALEUR SPECIFIQUE ET DU COEFFICIENT MAGNETDTHERMTIQUE
D'UN SEMICONDUCTEUR
EN REGIME EXTREME QUANTIQUE

Dens ceg chapitre, nous présentons une analyse détalllée et guantitative de
la chaleur spécifique électronigue et du coefficient magnétothermigue d'un semi-
conducteur en régime extréme quantigue, en nous attachant tout particulidrement &
1'étude des effets dus & la "transition statistigue” [(dégénéré en non-dégénérs)

(voir chapitre I).

Dans la théorieg dévelppnée ici, nous 8ypposcns gue la matériau semiconduc-
teur f(nous avons pris, & titre d'exempla, 1'erséniure de gallium de type D} est de
purete suffisante pour gue spif réalisée la condition w, T >> 1, ot w, est la fréguen-
ce cyclotron et T le temps de relaxation électronique. Dans cette limite, nous savons
gue la guantifigation de Landau est préservée malpré les collisions des glectrons
avec le réseau (voir chapitre I). D'autre part, nous utilisons, dans cetta &tude, la
théorie des électrons "libres” avec l'approximation de la masse effective dans lag-
guelle les Zlectrons onl une masse sffective m* et un facteur de Landé g. La surface
de Ferml de Ga As esf trds sensiblement sphérique, et aux concentrations suffisamment
faibles d'&lectrons gque nous considérons ici (R 1018 cm"SJ, la bande de conduction
est approximativement parabcligue. Ga As est ggalement approprié pour 1'étude des
Fh2noménes en régime extréme quantique, car la masse de 1'&lectron est nratiquemant
indépendante de 1'intensité du champ magnétigue appliqué jusgu'a environ 400 kG
(Askenazy, Ulmat et Léotin 1983). Malgré la petite masse effective (m* ~ 0.07 m,, ol
M, est la masse de 1’2lectron libre) et le trés faible facteur de Landé fg = 0.32)
des électrons de cenduction dans Ga As, nous tenons compte dans les calculs de 1'af-
fet de clivage de spin. Ce dernier point mérite évidemment une certaine attention,
en cg sens gue, dans les matérisux impurs, cet =ffe: peut 8tre masqué par 1'glargis-
sament des niveaux de Landau ¢0 aux collisions (voir chapitre I). Nous SUPPOSONS en-
fin qu'en régime extrams quantique, la concentration électronigue ne dépend pas de
la température et que le matériau considéré est suffisasmment dopé pour ne pas offrir
de gel de porteur par ls champ magnétique. Ces deux hypothéses ont &té vérifiées
expérimentalement : (1) Wilson, Love et Miller (1968) n'ont frouvé aucune dépendance
en tempéreture du coefficiasnt Hall =ntre 4 et 8.4 K dans un échantiilon d'antimoniure
d'indium de type N avec une concentration &lectronique de 2.6 x 1D'15 cm_S ; (22
Amirkhanov, Bashirov et Mollaev (1971) ont dtudié t'effat de gel de portsur dans

Ga As en champs magnétiques pulsés jusgu'a 300 kG et dans le domaine de température
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entre 4.2 et 77 K, en utilisant des mesures du coefficiant Hall. Leurs résultats in-
diguent gue 1'effet de gsl de porteur n'intervient pas dens les conditiens envisagées

dans la présente étude pour des champs inférisurs & environ 200 kG.
e
H

g
tant et du conefficient magnétothermique Eg%&s (variation différantielle de tempsérature

Le calcul de la chaleur spécifigue électronigue £, & champ magndtique cons-
aver le champ magnétique & antropie S constante) est réalisé simplement & partir da
1'énergie libre de Helmholtz F(H)} du gaz d'électrons, sn s’appuyant sur les relations

thermodynamigues suivantes

oF (H)
S = 5T ), (IT-13
e _ 35 82F (H)
CH = T[F?] = -7 G—wwjf—} s (II-2)
H nTs M
[EIJ = - E;.EEEJ (relation de Maxwell) (IT-3)
oH g CH 9T H
ol M est 1'asimantation, définie par
dF (H)
M= T ), (IT-43
oM, _ 8 3FH), _ @ . BF(H), . .3S ~
(E?JH =57 [ _§H_—] ST { 5T J Egﬁ}T {(1I-5)
% B % P - e .
et CH = CH + CH [DH gst la chaleur spécifique du résesu et CH cells des électrons)

est la chaleur specifiques totale & champ magnétigus constant de 1'échantillcn studié.
L'expression de F(H} utilisée dans le calcul est &tablie dans 1'Appendice A.

Les principaux résultats obtenus pour Ci at [%%JS peuvent se résumer ainsi :

(1) Cs, chaleur spécifique électranigue

Dans le demaine ultra-guantigue, lorsgue les syst@me d’'électrons =st forte-
ment dégénéré, la relation habituelle de la chaleur spécifigue glectronique en termes

de densité d'états au niveau de Fermi,éﬁ[CJ, s’'appliqus

e 1 2 2 ‘ _
=3 kBogch T, (TI-6)

ol D (Z) est donnse par

K
(II-7)
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Lorsgue, & champ magnétique croigsant, le bas de la sous-bande de Landau Tondamenta-
le n = O s'approche & guelouss [KBT] du niveau de Fermi, la chaleur spécifique aug-
mente considérablement en ralson de l'accrolssement de la densité d'étets effective.

Avec 1'apparition de la non-dégénérescence, Cﬁ atteint une valesur maximum,
puis décroit trés lentement vers 1la valeur classigue %—N kB’ une fols fue le systéme
est devenu compldtement non-dégénéré (N est le nombre total d'électrons et kB 1a
constante de Boltzmanni. Ce résultat est raisonnable, puisgue laquentification de
Landal empgche les degrés de liberté, perpendiculaires au shamp magnétique, de contri-
buer & la chaleur spécifique. D'asutre part, les &lectrons deviennent non-dégeénérés
par rapport au mouvement dans la directicn du champ. Tls simulent donc um gaz non-
~dégénéré unidimensionnel.

S1 l'on tient compte du clivage de spin du niveau de Landau fondamental
n =0, 1l s'introduit une contriputien supplémentaire (analogue & un effet Schottky)
qui double approximativement le maximum de la chaleur spéoifigue. Un tel affet peut
néanmoins &tre masqué par 1'&largissement des niveaux dans les échantillons impurs.

Nous devons insister ici sur le fait gue le ferme électronique 3 la cha-
leur spéoifique, bien que trés petit par rapport au terme de résesu, n'en ast pas
moins détectable expérimentalement & trés basses températures, méme pour les faibles
concentrations envisagges dans ce travail (v 1015 électrons par cm3]. Emn sffet, les
mesyres de chaleur specifique de Cetas, Tilford et Swenson (1868) sur certains com-
posés ITT-V semicongucteurs, tels gue Ga As, Ga Sb, In As et In Sb, en champ magné-
tigue nul et dans 1'intervalls de température 1-30 K, indiquent, dans tous les cas, la
preésenca d'une contribution électronigue aux plus basses températures. De plus, nous
avons sffectué récemment des mesures de chaleur spécifigue en champ nul, d'effet Hall
et de résistivité entre 0.3 ot 4 K, sur un échantillon d'antimoniure de gallium de
type p ayent une concentration nette de ftrous voisine de 4 x 1815 cm_a. L'analyse
des résultats meontre clairement 1'existence d'une contribution & la chaleur spécifi-
que d'origine électronique (voir le détail de cette &tude dans 1'Appendice BJ.

En d'autres termes, la "transition statistigue” devrait pouveir 8tre révélée
expérimentalement par une mesure de chaleur spécifigue & trés basses températures st
en champs magnétigques intenses.

aT

(2) {gﬁls, coefficient magnétothermique

En régims extrdme quantique, lorsque 1'on ignore l'effst de clivage de spin
du niveau de Landau fondamental n = 0, le coefficient magnétothermigue E%%]S est
donné par

13




(sﬁls == [BT 3 , (I1-8)

aM
ol My ast l'aimantaticn due au diamagnétisme de Landau-Pelerls st ofl (gf—@H @st relig

simplement & la chaleur spécifique électronique C& par l1'éguation :

B, 2 oy
e | T e— _g
EBT ]H T (II-9)
oT s s s .
(ﬁﬁj est donc négatif et sa variation avec le champ magnétigue est sensiblement don-
S

e

nés par le rapport CH/H, pulsgue, aux températurss considérées ici (0.5-2 K), la cha-

_ % a
it by
du réseau et, par suite, indépendante du champ. A pertir de cs résultat st compte-

leur spécifique totale C est essentiellement dominde par la contribution

-tenu des résultats précédents concernant EE, on en déduit immédiatemsnt une variation
¢

dramatique de EEEJS en fonctien du champ magnétigus, lors de la "transition statisti-

que" : le passage de la distribution &lectronique de 1'état dégénéré & 1'état non-dé-

généré, & champ magnétlicus croissaent, se manifeste par un minimum négatif trés marque
ﬂe [%%JS. A titre indicetif, pour 1'arséniure de gallium de fype n avec 1.2 x 1016
glectrons par cma, & T = 0.5 K, ce minimum atteint environ -3 x 18—6 K/Gauss pour un
champ magnéticue de 1'ordre de 50 kG. Un tel effet devrait pouvoir &tre détecté par
les techniques expérimenteles actuelles. Il est également intéressant de noter qu'uns

mesure du produit H[EI] en fonction du champ magnétique pourrait &tre employge pour

obtenir la variationagesla chaleur spénifique électronigue Cﬁ avec H (voir Eqs.(II-8)
et {II-9)).

Le clivage de spin du niveau de Landsu fondamental n = 0 ne modifie pas sen-
giblement 1'amplitude de 1'anomalie de E%%JS précitée. I1 ihtroduit cependant une con-
tribution positive supplémentairs, donnée par

. S
[g—:i]:pm - - -g; [;:—D)H , (11-10)

ol Mp, gui est 1'aimantation due au paramagnétisme de Pauli, refldte 1'alignement des
spins de tous les 2laectrons libres, lorsque le bas de la branche de spin supériaure
franchit ls niveau de Fermi . Cette contribution supplémentaire

produit, dans la région de la "transition statistique™, un maximum proncncé de
P%EJS aux plus basses tempfératures. Cet effet est di & la rapide variation de Mp en
fonction de la température dans cette région. Evidemment, si la concentration en
glectrons augmente, le champ reguis pour eobtenir 1'alignement des spins augmente éga-
lament : avec les champs magndtiques utilisables présentement, la concentration élec-
tronigue doit rester, dans tous les cas, inférieurs & guelgues 1018 n:m—3 pour gue

1'effet solt chservable. L& encore, i1 convient de noter gue 1'é&largissement des ni-

veaux dii aux collisions dans les matériaux impurs peut masquer complétement un tel

effet. 114
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Low-Temperature Specific Heat of a Semiconductor
in a Strong Magnetic Field
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We calculate the electronic specific heat of u semiconductor {(GaAs) at very
low temperatures when subjected to a magnetic field strong enough to make
the electron distribution nondegenerate. The transition to nondegeneracy is
characterized by a large and rapid increase in the specific heat. For large
fields the value approaches that of a one-dimensional nondegenerate gas, after
first exceeding this value. Zeeman splitting, even with a very small g factor
(0.32), almost doubles the maximum in the specific heat as a function of field.

1. INTRODUCTION

It has been shown by Askenazy ef al.! that a sample of GaAs with
1.8 x 106 carriers at 2 K experiences a large increase in both longitudinal
and transverse resistivity starting at =50kG, reaching a maximum at
~ 100 kG, and decreasing again to a relatively small and slowly varying
value by about 150 kG. This behavior is associated with the transition to
nondegeneracy which takes place when the lowest Landau level is pushed
up towards, and ultimately past, the Fermi level. The resistance decreases
strongly as the electron distribution becomes nondegenerate.

Our aim is to show that the change in the electron distribytion mani-
fested in this experiment is also characterized by a rapid rise in the electronic
specific heat, As the lowest Landau level approaches within a few times kT
of the Fermi level, the specific heat rises rapidly to a maximum, then decreases
toward the value 2Nkg, where N is the number of carriers. This is reasonable,
since the degrees of freedom perpendicular to the magnetic field are
inhibited from contributing to the specific heat by Landau quantization.

*On leave from Centre de Recherches sur les Trés Basses Tempéralures, Grenebie, France.
A25

® 1972 Plenum Publishing Corporation, 227 West 171h Street, New York, N.Y. 10011,
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On the other hand, the electrons become nondegenerate with respect to
motion along the field. Thus, they simulate a one-dimensional non-
degenerate gas.

Though Askenazy claims that Zeeman splitting may be ignored
because of the small value of the g factor {0.32), we note that, in the region of
interest, the spin splitting may be equal to or greater than kT. When this
is the case, the specific heat at maximum may be approximately doubled
by virtue of the spin splitting.* The curve of C, vs. H also tends to flatten
somewhat as the bottom of the upper spin band passes through the Fermi
level p, before rising again to its peak. This “knee” in the curve becomes
more pronounced as the temperature is raised,

We note that the specific heat of GaAs has been measured in the absence
of a magnetic field, in a sample with N = 2 x 10'® cm~? and at temperatures
between 1 and 30K by Cetas, Tilford, and Swenson.? They are able to
distinguish clearly an electronic component. We have used their results to
estimate the lattice specific heat, assumed to obey a T law ; it is also assumed
that it will not vary significantly with magnetic field.

von Piesbergen® has measured the specific heat above 12K he finds
quite good conformity to a T3 law up to 30-40 K.

Two possible complications deserve attention. First, is there a
danger that the high magnetic fields envisaged will in some degree
freeze out the carriers? Amirkhanov, Bashirov, and Mollaev* have
studied magnetic freeze out in GaAs in pulsed fields up to 300kG and
in the temperature range from 4.2 to 77 K, using Hall coefficient measure-
ments. Their results suggest that freeze out is not likely to take place
under the conditions envisaged in this paper for fields below =200 k@,
and even then would not be a large effect. If one uses higher carrier con-
centrations than that which we have chosen for illustrative purposes
(N = 1.2 x 10'® e¢m™3), the rise in specific heat will take place at higher
fields; however, the effect of higher carrier concentrations in inhibiting
freeze out is expected to be greater than the effect of the increased fields
in stimulating. it. "

The second question concerns the possibility of a substantial decrease
in carrier density with decreasing temperature. However, in the temperature
range below that considered by Askenazy (2 K it seems unlikely that carriers
are produced by thermal excitation, Rather, it seems probable that the
electrons are effectively conducting independently of temperature. We note
that a similar situation has been surmised by Wilson, Love, and Miller® in
galvanomagnetic experiments in InSb down to 0.3 K ; they found no evidence
of the existence of an excitation energy.

*Askenazy has observed, however, [private communication] that this effect may be masked
by level broadening in impure samples.
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2. CALCULATION OF THE SPECIFIC HEAT

In fields large enough that only the n = 0 Landau level is occupied,
the energy of the electrons is

*\ 142
U 1 (2m ) Zf[”’" Ef(E) JE 0

w2l B Yol + ja)?
where m* is the effective mass. r. is the radius of cyclotron orbit equal to
(he/eH)Y2, o is the spin (equal to 1), 3 = |g](m*/2mg), w, is the cyclotron
frequency equal to eH/m*c, f(E) is the Fermi distribution function, and
fi = 1/kgT. Introducing

PIE — $han (] + va)] = x Bl — Yha{l + vo)] = &, (2}
we may write, omitting the term $ho, N,
A = .
U= G {Z FE) + hoyfiy aF. x;z(Cﬂ)} (3)
where the % s are the functions defined by Blakemore:®
FO = T+ 1] [ e+ 13 )
)

The constant 4 is {1/4z*r2)(2m*r/h*)' 2. These functions satisfy the condition
Fi= T
It is useful to define .#_ 5 = F_; (primes indicate derivatives with respect
to &),
We shall also introduce
= thoyf (5)

which is half the ratio of the spin splitting to the thermal energy.
The specific heat is now given by

C, = AUJOT = —kaf20UIR) (6)
We note that
' PEIR = M — (1/§)Ra (7
where
M =y — tho + Jou/cR) (8)

We may then dircetly calculate C, in the form

C, = (Akg/'" )38, — 3S_,fM + RA_ | - RA_ M + R*S_,] (9)
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A Cv(Electronic)
md/degk(g -at)
F200 oY
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x xxxx Without spin splitting-
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) H kilegauss .

0 50 100 150 200 250

Fig. 1. Specific heat, as a function of magnetic field, calculated with and without spin
splitting for GaAs with N = 1.2 x 10°® cm ™ carriers, and at a temperature of T = 0.5 K,
g =032, and m* = 0.07m, (m, is the electron mass). The lattice specific heat at this
temperature is 0,.0061 mJ/deg - g+ at. The one-dimensional “classical” value (1/2)Nky is
shown for reference.

4 CV(Electronic) 5
mJ/deg Kig-at) (x10) A7 TS

F2.00

Cy lattice
J/degkn?|mI/degkig-at)
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{
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1 1.0 | 3.56 0.0493
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Fig. 2. Electronic specific heat vs. temperature at T = 0.5, 1.0, and 2.0 K. The three arrows
to the left indicate the fields st which the bottom of the upper spin band coincides with
the Fermi energy. The two arrows to the right show the same for the lower spin band.
The value for 0.5 K does not fall in the range of ficlds shown. Parameters as in Fig. 1.
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where

=2 Fppld (10)

a

and
Ap = ng’:},,’z(éﬂ) (il

The quantity M can be eliminated by differentiating the equation which
determines the Fermi level u,

A/;’)’”z)z — 12l

fo get
AM = [IAS_3)1[25- 1 + RA_,] - (12)

Substituting this into (9) gives
C, = (Akg/f2S_ 43S, S 3 — ST+ RAS 5 =5 Ay)
+ RHSZ, — A%3)] (13}
It is easily shown that
A_S_ = S_ (A3 =2[F | ENTFplE ) — FyplE T 8 )] (1)
and
525 — ALy = 4F 4 (ENF 8L {15)
When the bottom of the upper spin band coincides with g,
=0 I_=2R
When the same happens to the bottom of the lower spin band,
{o=0 ¢y =-2R

When the spin splitting is neglected, R — O and only the first term in
(13) survives. In GaAs (g = 0.32)

R = 1.07 x [0"X(H/T)

where H is in kilogauss and T in degrees. Thus, at H = 100kG, T = 1K,
R =~ 1.
Figure 1 shows the difference in the specific heat calculated with and
without spin splitting for N = 1.2 x 10"® carriers, at a temperature of 0.5 K.
In Fig. 2 we illustrate the difference in the effect of spin splitting at the
temperatures 0.5, [, and 2 K. The variation of C, with H is seen to vary
strikingly with temperature in this range.
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3. LOW-FIELD) AND HIGH-FIELD LIMITS

In the regime in which only the n = 0 levels are occupied, but the system
is still strongly degenecrate, the familiar formula for the specific heat in
terms of density of states still applies:

C, = $nK3T.4 (1) (16)
The density of states in this case is given by
A = (AP {[IAE 2T + [1AE )2 (I7)

which increases as the bottom of the upper spin band approaches the
Fermi level,

Figure 3 shows the variation of the Fermi level with respect to the
bottoms of the two spin bands. The horizontal line corresponds to the lower
of these bands, the sloping one to the upper. For reference, we have indicated
the point at which the energy difference between them corresponds to kT
at 1 K. In fact, for GaAs,

2R =214 x 1072H(kG)/T (18)

Y
(x10%)
0.80
*
Plot of [H)-J6hooc (-], ¥=Vo g Vi )
F0.60
0.40 %. , o Py
+0.20
<
. ' .._'.l.."' P _,I_ TF e T=5K
H kilogauss 50 \ 100 .. -1RQ,,.07 200 ALK
KgT at 1°K
T=2.K
L-0,20

Fig. 3. Plot of Fermi level vs. H in kilogauss for N = 1.2 x 10'%cm™3 and tempera-
tures of 0.5, 1.0, and 20K, 0, 0~ destgnate on the same scale, the energies at the
bottoms of the twa spin bands. k, T at | K is shown for reference,
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We see that at 1°K the first critical field is at = 75 kG and the second at
= 230 kG. At the lower, cffectively all the electrons associated with one
spin have become nondegenerate ; but because the splitting is only =~ §.5k,T
a substantial proportion of those of the other spin have also.

The intermediate region is rather complicated, though the general
behavior of the C ~H curve can be understood. With increasing field. not
only is the density of states increasing, but more and more electrons are
being driven into the region of nondegenerate statistics,

Once the system has become completely nondegenerate, explicit and
rather simple forms for the specific heat again become possible. In this
regime, we may write, to a good approximation,

FlE) = e ¥ [1/274 1] e 2K (19)
In fact, only £ contributes appreciably, since
el =1 {+ 2R

and R is substantially larger than unity.
The Fermi level is determined by

N = (A/p" 2 e 50 — [1f2)' 2] e 280 (20)
Using (19), the R-independent term, which gives the result without
spin splitting, is
Cy = (Akg/f) (e ¥/2)[1 — (3/2/B) e 1] 2y
From (20) and (21}
Cy = SNkl + (/2/8) 141
= INkg[l + (m%/2)(NhejfeH) (B2 nm*k ,TYV (22)

Thus, the asymptotic value tends towards the one-dimensional “classical”
value, the variation going as 1/H and 1/T!2,

When we take account of spin splitting. however, the remaining terms,
while ultimately going to zero as ¢ *%, may be quite appreciable in the
intermediate region because of the R and R? multiplying factors. From (14)
and {15) we observe that these terms contribute only by virtue of the presence
of some electrons of opposite spin.

Designating by €% the spin splitting contribution to specific heat. if we
keep only terms to the first order in ¢ 2® und to the second orderin e ¥ -1 =
e 5, we gel

CO = (Ahgif12S e 2R JIRe S 4 4RI — 2078y
x> Nkpe 2RAR? ~ 2R ¢79)
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by virtue of (20). The second term in the bracket is approximately
~2RINBV2A) = — (B2 /mm* kg TV 2203 yN = — 4 (23)

and is thus independent of H,
Thus the additional contribution which must be added to C), [Eq. (21)]
to give the whole specific heat is

C = Nky(4R? — A)e 2R (24)

Itis easily verified that this contribution is diminishing in the whole region of
complete nondegeneracy. It is, however, as seen from Fig, 2, not a small
contribution. On the other hand, it ultimately decreases exponentially with H,
while the excess over the “classical” value of the contribution which is not
dependent on spin merely decreases as 1/H.
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ABSTRACT

21
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We have calculated the adiabatin differential temperature change,
semiconductor at very low temperatures when subjected to a magnetic field strong enough
to make the electron distribution non-degenerate. The transition to non-degeneracy is
characterized by a sharp negative dip in [g%]s. Zeeman splitting may greatly modify the
variation of [%%JS as & function of field. The resulis ars illustrated with numerical

calculations for Ga As with electron concentrations of 1.7 x 1518 cmﬁa and 3.8 x 1016 cm

RESUME

Nous avons calculé la variation différentielle de tempareture avec le champ
magnétigue & entropie constante, (%%JS, d’un semiconducteur & tris basses températures,
soumis & un champ magnétique suffisamment intense pour induire la distribution &lectro-
nigue & un état non-dégénéré. La tranmsition vers la non-dégénérescence est caractérisée
par un minimum négatif trés marqué de E%%}S. L'effet du clivage de spin peut modifier
profondément la variation de Eg%&s en fonction du champ. Les résultats sont iliustrés
par des calculs numérigues pour l'arséniure de gallium avec des concentrations de

1.2 x 1D18 et 3.8 x lOlB électrons par cma.
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I. INTROBUCTION

Experimznts on magnetothermel effects measure the adiahatic varia-
tion of temperature of & sample as the magnetic field is changed. The most
well-known example of the effect is the adiabatic demagnetisation of a para-
magnetic salt, which, until recently, was the sole method of obtaining tempe-
rature belew 0.1 K. Other examples of the maghetethermal effect exist. In
particular, the oscillatory magnetothermal effect[lj, which i1s related to
the osecillatory variation of the free energy of a system of electrons in a
magnetic field, is of interest as a tool for exploring the Fermi surface and:
for measuring spin-splittings in situations where the Fermi energy does not
change greatly with magnetic field. The quantity frequently measursd in this
type of experiment is the magnetothermal cosfflcient [g%JS. The sensitivity
is such that varietions in this quantity of iD_B K/gauss_l at 0.5 K may be
detected. Measurements of the effect have hitherto been made in various
metais and Semimetala{zl, but, so far no attempt seems to have been made to
investigate the effect in semiconductors,

The behaviour of electrons in a solid is profoundly medified by
the application of a magnetic field. Dus to the effects of guantisation, the
energy level structure {igneoring spin-splitting} consists of a set of magne-
tic sub-bands (Landau levels) separated in snergy by Huw, (w, cyclotron fre-

. guencyl. Since the density of statas is discontinuous at the bottom of each
of these sub-bands, the free enerpy is a periodic function of the inverse
magnetic field. Properties related to it, such as the magnetisation and the
magnetothermal coefficient, reflect this periodic behaﬁiour and, as noted
above, may be used at low temperatures to study the Fermi surface. However,

as tha magnetic field is Increased, the electrons bescome concentratad in

fewer and fewsr Landau levels, ths effects of spin-splitting bscome apparent

124



and, sventually, the region of oscillatory behsviour is surpassed and only
the lowest,n = 0, level is Dcnupied..This is the extremes guentum region,
which while the electron distribution is still degenerate is referred to as
the ultra-quantum region. When, as the magnetic field is increased further,
the n = 0 level is pushed towards, and finally paat,the Fermi level, & tran-
sition from the degenerate to a non-degenerate elactron system occurs{a’qJ:
the so-called hyper-guantum reglon is reached.

Experimentally, tha extreme guantum region occurs for magnetic
flelds sufficiently strang.and temperatures sufficiently low that Hwg>>kgT
and gﬁwc>>u, where kEFjsthgthermal energy of a typical conduction electron,
and U the Fermi‘energy. For a metal such as sodium this region is attained
in fields of the order of 2000 KG, but in a lightly doped semiconductor, -
the region may be attained in a field of 100 KG, which is well within the
range of those presently avallable. Tn fact the transiticon toc the hyper-
guantum region has so far only besn observed experimentally in tha trans-
verse and longiltudinal magnetoresistance of Ga As with an electron concan-
tration of 3.8 x 1D18 cmﬁa for fields between 30 and 150 KG at 2 K[5].

In the work reported here we have calculated, under certain sim-
plifying assumptions, [%%JS for a semiconductor in the extreme gquantum region.
The aim of this calculation was twofold : to determine whether thes change in

the electron distribution could be observed in a magnetothermal experiment,

and to examine the effects of the Zeeman splitting of the n = 0 Landau level.

aT
IT. CALCULATION.Df £§H]S

The adiabatic differential temperature change [%%JS is given by

_ T .3M
[W]S ain [gTJH . (1]
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whera M is the magnetisation, T the absolute temperature, H the magnetic f#Eld
strength, S the entrepy, and CHE=CE+C§, whars Cg is the electron heat capa-
city and Ci is the lattice heat capacity) the total heat capacity at sonstant
H. Cﬁ has been assumed to obey a T3 law in the range of temperature of in-
terest[S), and to be independent of H. By reformulating Eq.(1} in terms of

the Helmholtz free-energy F(H) of the system of slectrons per unit volume,

we obtain

M 3 3F[H) 3 . 9F(H)
[gTJH = §T{— =57 - Eﬁ{ 5T - (2)
e _ -3, 3F(H)

In tha extrsme guantum region anc for a parabolic band of effective

mass mx, F(H] can be written in the €orm[7]

Sy
F(H} = N(p - K. T —) , (4)

a Sl

where
S, = L F 58 » 8 = 15, 05g) (5)
g o

-1 L _

&y = R? {u 5 Hw (1 Ycﬂ] s (6)

w, = lEi_ﬁ is the cyclotron fraauency, Ie] is the magnitude of the electron
mc

charge, vy = g[m*/ZmDJ, g is the spectroscepic Landé factor of the conduction
electrans, m, is the free-electrcn mass, o is the spin (equal te * 1), and

-
the 35 are the Fermi-Dirac fundions defined by[SJ
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1 xJ dx

FE) = /
j I(j+11 o e(x-E]+

1

(7]

-
These functions satisfy the condition€}3 miF;_l (prime indicatss derivative

with respect te £). The

/2 5

N 1

1
A[KBT]

gguation which determines the Fermi level u is

(83

’

where N is the total number of siectrons per unit volume,

and r
c

ground state.

(9)

(Hc/le|H]1/2 is the cycliotron radius for the slectron in its

Using Egs.{1)-(8}, the final expression for [E%]S is
2 2
S S_A A
A(kBTJS/2[—1~[38 - e -dria - 2 RPs - -3_1]
3T P + 53 2 1 53 3 Sa
(-} = - . , (10)
Hs 3 1/2[1 5 5183 o 8
ek + 4 gt V7 [heos - mn - L8 g.q}
3 3 3
where

53 g‘fa/zfgc] byl s 55

) Ay s g 505

and R = %[ﬂwCY/KBT] is half the retio of the spin splitting to the thermal

energy. When the affects of spin-splitting are neglected, R -+ 0. We have

assumed in deriving Eq.(10) that the elsctron concentration is independent

of magnetic fleld and temperaturefg}

+ Magnetic freeze-out of the carriers

may ocour in high magnetic fields. The results of Amirkhannv,Bashirov,and
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MollaevEan for Ga As in fields up to 300 KG suggest, however, that fresze-

out is unlikely to take place for the concentrations which we hava chasan
in fields below 200 KG. A variatiaﬁ of the concentration with temperature
implies that the carriersare produced by thermal excitation. It is unlikely
that this is the case at the low temperatures needed to observe the effects

discussed here.

III. NUMERICAL RESULTS FOR Ga As

Sinca Ga As has been shown %o be a suifable material for studying .
(5]

effects in the extreme guantum limit , 8 numerical calculation has been
made for this materisl, The behaviour of f%%&s as a function of magnetic
figld was investigated for twc electran concentrations at various tempera-

tures.

ES

For Ga As, g & 0,32, m* = 0.07 m_, and hence R = 1.07 x 107° (2

['_i.'] f)
where H is in kilogauss and T in degrees. Thus, for H = 100 KG and T = 0.5 K,
Ra 2.

Figure (1) shows the difference in the varlation of [g%] with
. S
magnetic fisld, both with and without spin splitting for & concentration of
N= 1.2 x 1016 cm“S electrons, at temperatures of 0.5, 1, and 2 K. The varia-

tion of E%%JS with H is seen to vary strikingly with temperature in this range.

In Fig,(2), we illustrate the difference in [§£JS calculeted with
and without spin splitting for twe different electron concentrations, N =
1.2 % 1018 cm_s and N = 3.8 x lDlB cm_a, at a temperature of 1 K.

Figure (3] shows the variation of f%%&s with magnetic field, both
with and without spin splitting for a concentration of N = 1.2 x 1018 cm_3

electrons, at a temperature of 0.5 K, neglecting the lattice contribution to

the total hsat capacity [Cﬁ = 0). In this case, it 1is easy to see from

128



. Eqe(10) that, in the absence of spin splitting, {%%J simply reduces to

3
8Ty _ _ 2T
[m]s = i (11

From these plots, we note :

(1) The transition to non-degeneracy in the electron distribution, which takes
place when the bottom af the n = 0 Landau level (in the absence of spin effects)
appreeches within a few [kBTJ of the Ferml level, has a large affect on the
variation of (%%JS with magnetic field. The curve of fg%&s va. H exhibits a
sharp negative dip as the electron distribution bscomes non-degenerate. Such
an effect should be detected at temperatures below 1 K by present experimen-
tal techniques.

(2) Spin splitting does not greatly chenge the depth of this anomalous dip,
but produces a marked maximum in (%%JS at the lowest temperatures. The lat-
ter effect reflacts the alignment of the spins of all the free alectrons as
the pottom of the upper spin branch of the 1 = 0 Landau band is pushed thrsugh
the Fermi lsvel{ll}. As the electron concentration is increased, the field
required for alignment of the spins also increases : with the magnetic fields
presently available, thes electron concantraticn must bs less than a Tew times

-3 .
lD18 ©m for this effact to be observable.

IV, DISCUSSTION

It is clear from Eq.(1) that the detailed behaviour of the quantity

[ggJS is essentially controlled hy two effescts : (1) the variation of ths
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totael heat capacity CH with magnaic field and (2) the competition hatwesn

oMy

the tempsrature derivatives of the diamagnatic [ﬁf" H and the paramagnetic

M
(FT—E]H contributions to the magnetisation M.

When the spin splitting is ignored, it is easily shown that

2 c°
Mg _ H
(§T_]H i >0, (12}
and
ce
aT L 2T e
Here, C: is given by
) 2
P {E;]}
e _ A 1/2 - B [g—l/z
Ly =5 kglkgT) ™7 {3 31/255;1 W , (14)
1
. v -5 A
with £ = kBT .

According to the results of Ref.(9), the general bshaviour of the CE-H curve

is quite well understéod : (1) in the region in which only the n = 0 tandau
level 1s occupied, but the system is still strongly degensrate, the electro-
nic specific heat increases rapidly with increasing H, as a result of the
rapid increase of the density of states ; (2) with the onset of non-degeneracy,
D; reaches & maximum value, then decrsases very slowly towards the value

% N KB, ance the system has become complstely ron-degenerate. Therefore, it
follows from Eg.(12) that, as the lowest landau level approaches within a few
[KBT) of the Fermi level, fggg]H rises rapidly toc & maximum, and %thern decrsa-
9es as about 1/H. Now, Ffor the temperatures under oonsidefation, CH = C£+Cﬁ
is assentially dominated hy the lattice contribution, and i1s thus approxima-

tely independent of field. According to Egs.(12) and (313}, it follows that

GQIJ is negative, and its variation with magnatic field is just the opposite
S

5
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oM
of that of (ﬁTQJH (deshed curves in Figs.[1} and (2)}. Tt is fipnally worth
- npting that a measurement of the preduct H(%%GS as a function of magnetic
field could be used to obtain the variation of the electronic spsoific heat
Cg with H.

When the spin splitting is taken into account, we must consider,

aM
in addition to (MWE] » the temperature derlvative of the paremagnetic con-

3T 'H
tributien [amp] tp the magnetisation M. In this case, the behaviour of [BT)
5T OH 0 g 1egtlion M. 1 ase, ‘B_H g

results fram the competition between thsse two guantities. In fact, we have

from £q.(10)

1/2 2
[EiT"g)H I KB;EU R |4~ il-gf-.l.] ¢ 2R (84~ —233] <o . (15)
? 3 3

This guantity, whigh is nearly zerc in the region of strong degeneracy,
decreases to a negative minimum valus as the bottom of the upper spin band
of the n = 0 Landau_level passes through the Fermi lewel. It ultimatsly
increases with H a8 the electiron gas beromes non-degenerate. Obviously, the

chenge of sign of (QIJ at 0.5 K reflects the fact that over g certain ranga

pH’g
af fields around 100 KG, there sxists a paramagnetic contribution to the
. , . 3E“lp aMy
magnetisation for which [5T+JH > [ET*JH' This does not imply, however,

that the semiconductor is peremagnetic in this range of fields. In fact,

according to Ref.(10), the magnetisation M is given by

. /2 T 1, HAwg
M= A kakaTJ EH] [5* ‘ E{FETJ 5, + R &1] . {16}

where the first two terms represent the Landau-Peierils diamagnetism and the

last term the Pauli paramagnetism. Using Eq.(15), it is easy to show that
-3

[Mg/Mp| ~ 100 at T = 0.5 K, H = 100 KB, and N = 1,2 x 107° om ",

Finally, it should be noted that the results of Eg.(10) regarding
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_1D_

the affects of spin splitting aétuaily hold fdr sufficiently pure samples
and very low temperatures. In eFFect; if thers exist collisions betwean

the electrons and various Kinds of scatterers, or if the teﬁperature is
raised, then either the broadening of ths Landesu energy levels or the ther-
mel ‘smearing of the fFermi level may bécome graater than the spin splitting,
and therefore mask the corresponding spin effacts. vaicusly, Eg.(13) holds

in thesesituaticns.
V. CONECLUSTIONS

We have shown that the magnetathermél coef%icient of & semiconduc-
tor varies dramatically in the extreme quantum region.

The transition to non-degeneracy is characterised Qy a.sﬁarp nega-
tive dip, which méy bs greatly modified by thes Zeeman.splitting. A very small
paramagnetic contribution to the total magnetisatioh is sufficient to change
the sign of the coefficient. The‘effecte of the splitting ﬁay, However, be
masked by impurity effects. -

A numerical caloilation for Ga As shows that the effect could bs
measurad below 1 K by preseﬁt experimental techniques. in aadifion, the elec-

tronic specific heat in a mégnetic field could be obtained directly fraom

o

s as a function of Tield.

a maasurement of H{
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FIGURE_CAPTIONS

oT

Figure (1) : [ﬁﬂjs as a function of magnetic field at T = 0.5, 1 and 2 K. The

Figure (2]

Figure (3)

three arrows to the left indicate the fields at which the bottom
of the upper spin bend coincides with the Fermi level. The two
arrows to the right show the same for the lpwer spin band. The

valuelfnr 0.5 K does not fall in the range of filelds shown.

%%JS vs. magnetic field for two different electron concentrations,
N o= 1.2 x lDlB cmq3 and N = 3.8 x 1018 cm-a, at T = 1K, Tha two

(

arrows indicate the fields at which the bottom of the upper spin

band coincides with the Fermi level.

[%%JS, @s a function of magnetic field, calculated with (g=3.32)
end without spin splitting for Ga As with N = 1.2 x 10°°0 om °
electrons, at a temperature of T = 0,5 K, assuming Ci (lattics

heat capacity] = 0, The arrow indicates ths field at which the

bottom of the upper spin band colncides with the Fermi ENErgy.
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CHAPITRE III
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FTUBE DES EFFETS THERMOMAGNETIQUES
(POUVOIR THERMCELECTRIQUE ET COEFFICIENT NERNST-ETTINGSHAUSEN)
CANS UN SEMICONDUCTEUR
EN REGIME CEXTREME QUANTIQUE

Ce chapitre est consacré & une &tude théorique des propriétés de transport
thermomagnétiques [eFFefs magnéto-Seesbeck et Narnst-Ettingshausen) d'un samiconduc-
teur en régime extréme guantigue, quand tous les électrons de 1a bande de conduction
sont concentrés dans le plus bas niveau de Landau r = 0. Dans l= zalcul déyveloppé ici,
la distribution &lectronique est dégénérée ou non-dégénérée, sulvant 1’intensité du
champ magnétigue appligué. L'intérét principal de ce travall est d'examiner 1'effet
dz la "transition statistique® (dé&généré en non-dégénéré), qui se produit dans le
gez d’électrons lorsque le bas du niveau de Landav fondamental n = 0O s'approche &

'quelques ERBT} du niveau de Fermi (volr chapitre I), sur las variations du pouveir
thermoglectrique S(H) et du coefficlent Mernst-Ettingshausan ANE[HJ.

Nous supposons, comme dans les chapitres précédents gue 1'échantillon est
de gualité et de pureté suffisantes pour gue soit satisfaite la condition WeT 2> 1,
ol w, est la fréquence cyclotren et T le temps de relaxation des élesctrons. D'autre
part, nous considérons le modele simple d'un semiconducteur isotrope, avec une bands
d'énergie parabolique de masse effsctive m*. Un tel modéle décrit convenablement 1a
situation pour des concentrations en &lectrons suffisamment faibles.

Dans la théorie présentée ici, nous utilisons 1'"epproche Peltier” des phé-
noménes de transport thermomagnétigues, due & Herring (Herring 1854, Herring, Geballe
at Kunzler 1856 et 1959 et Gurevich et Nedlin 1962) (voir, également, Partie I,
chapitre III) : nous calculons la densité de courant de chaleur Peltier G créd par
la présence d'un champ électrique E, dans des conditions isotharmes. Compte-tenu de
1'interaction é&lectron-phonon, ﬁ est la somme de deux contributions : ﬁ = ﬂ; + ﬂ;,

ol G; est iz flux de chaleur transportgés par les électrons eux-mémes {contribution
de "diffusion &lectronigue”] et UL e flux de chalsur transportée par le systéme ds
phonons, lequel est entrainé par les électroms {contribution de "phonon-drag") .

La considération du mouvement électronigue, en présence d'un champ &lectri-
ue [ (E - (E,0,01) et d'un champ magnétigus [ A Oz [ﬁ = (0,0,H)) croisés,
nous enseigne gue les &lectrons se déplacent principalement le long de la direction
Dy avec une vitesse moyenne ;; égale & la vitesse de Hall (voir, par exemple, Kahn
at Frederikse 1853 et Landau et Lifshitz 1862), Aux faibles congentrations d'impure-

tés gue nous envisageons dans ce travail, U;'est, en effet, beaucoup plus grand que
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— B
la vitesse &lectronigue moyenne v paralidle au champ électrigue E. Ceci vient du

fait gue le flux de ecurant dans la direction Ox, J, est produit et augmenté par

%
les collisions des électrons avec le réseat, alors que la composante y du courant,
Jy, est entifrement déterminés par les champs &lectrigque et magnétigqua eux-mémes,
indépendamment des param@tres de collisions électroniques. Dans 1'ensemble de cette
étude, nqus nous plagons délibérément 3 1’approximation d'ordre zéro par rapport

alx collisions électronigues. Cette apprcximatioﬁ, bien qu'élémentaire, décrit con-
venablement la situation dans le cas d'un semiconducteur & Lrds basses températures,
soumis & des champe magnétiques suffisamment intenses pour que la condition WLT>>1
soit réalisée. Dans le cadre de cette approximation, ncus avons alors G;'= 0 et

V; = - E%, ol E et H sont respectivement les intensités des champs électrigque et ma-
gnétique et o la vitesse de la lumigre. En d’autres termes, le courant électrigue
est exactement le long de la direction Oy. Ce flux d'électrons donne naissance au
flux de chaleur Peltier [Ue)y dans la direction Oy. D'autre part, par suite du cou-
plaga &lectron-phonon, le flux d'électirons entraine avec lui 1le systéme de phonons,
-qui induit, & scn tour, is flux de chaleur Peltier (Up]y dans la direction Oy. A

partir de la relation de définition du coefficient Peltier 7,
U=r3, @#r=zo (ITI7-1)

-~ + » 2 P »
ot J est la densité de courant éiectrique, nous avons

(u ]
(3 (W) = =222 e (o,0,1) (IT1-2)
24P yy Ty
les indices & et p désignant respectivement les contributions de "diffusion &élestro-
nique" et de “phonon-drag”.
0'aprés les relations de Kelvin-Onsager de la thermodynamique des progessus irréver-

sibles, nous gbtencons

S, =05 ) (H=Zm ) (-H)
a,p e,p yy T 2P yy
1 EUB oty
= T TR pxy (H) (III-3)

pour les composantss de "diffusion &lectronique” {8g) et de "phonon-drag"” [Sp} du
pouvoir thermoélectrique transverse SIH). pxyEH] est ici 1'&lément du tenseur de ma-

gnétorésistance, donné par (Beer 1963)
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bt = -~ o | > [0 |
Y ny(H] Xy X ¥
- - T oo (111-4)
Neecsc

ol N est le nombre toctal d'électrons par unitf de volume et 2(<0) leur charge.
Les composantes de "diffusion électronique” [A;E] et de "phonon-drag”

[AEE] du ceefficlent Nernst-Fttingshausen transverse A E[H} s'écrivent (voir Partie I,

N
Appendice)

)

(u
e,p 1 _EPy }
ANE 0T = pxfo} , {(TIT-5)

ol P gst 1'8lément du tenseur de magnétorésistance, donné par {Roth et Argyres

1966]

a g
0 M) =0 = = Ky X A= (0,0,1)
g +.0 (o ]
KX Xy Xy
vocaT (III-8)
MNec XX

1) Pouvoir thermoélectrigue de "diffusion &lectronigus” Se

A 1l'approximation d'ordre zéro par rapport aux collisions, nous négligeone
complétement la conversion irréversible d’énargie électronigue en chaleur par les
collisions avec le réseau. Nous pouvons donc en quelgue sorte supposer des conditions
de guasi-éguilibre, et par conséguent regarder le processus-comme réversible
(Mac Donald 1962, Obraztsov 1985 et Woollam 18710, Nous avons alors, & partir de
1'équation (III-3)

g = S5

e = Tg - (111-7)

od 5 est 1l'entropie du gaz d'électrons par unité de volume, donnée par (voir chapitre

I1)

(ITT-8)

ol F(H)} est 1'énergie libre de Helmholtz du systéme d'élecirons par unité de volume
{voir Appendice AJ.

Les relaticns (IIT-7) et (III-8) montrent clairement qu'en champs magnéti-
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gues suffisamment intenses, tels gue w.T >> 1, le pouveir thermoélectrique de "diffu-
sion- électronique?® 3g peut Btre obtenu directement & partir de le seule connaissance
de la concentration d'électrons et de la structure de bardes, =n ignorant les para-
metres de collisions électroniques [Zawadzki 1874).

Les principaux résultats chtenus concernant Sg se résument ainsi

(i) Oans le demaine yltra-guantique, lorsque le gaz d'électrons est fortement dégéné-
ré, Sy s'exprime sn termes de le densitd d'étets au niveau de Fermi & (2} par la re-

lation hebitueile, valable en 1l'absence de collisiors (Mac Doneld 1862 et 7iman 1980):

B (z) -
Sg = o m k.,BT : , (III-9)
oﬂéﬁ[@) est donnée par (er ignorant les affets de spin)
P
1 om.3/2 s B
B) = = (=) . (III-10)

(i1) La "transition statistigue” (dégénéré en non-dégénérs), qui s'opdre dars la
gdistribution #lectrenigue quand le bas de la bande de Landau fondamentale n = 0 s'ap-

proche & guelques EKBT] du niveau de Fermi, a un affet important sur la variation de

Sg en fonctlon du champ magnétigue appliqué. Cet effet se manifeste par une augmenta-

ticn considérable de ISB » qui résulte essantisllement de la rapide augmentation de
la densité d'états effective au niveeu de Fermi, lors du passage de la distribution

glectronlgue vers le régime nan-dégénére.

(141} Le clivage de spin du niveau de Landau fondamental n = 0 peut modifier et ré-
duire apprécisblement ’Sel en fonction du champ magnétigue. lorsque 1'on tient compte
de cet effet, la courbe |Se|[H} croft rapldement vers un maximum, s'aplatit quelgue
peuy guand le bas de la hranche supérieure de spin franchit le niveau de Fermi, puis
croit & nouveau de fagon monotogne avec H. Comme 1'indigue clairement I'éguation
((ITI-7), liant &5 & I'entropie du gaz électronique, une telle variation reflate 1'a-
lignement des spins de tous les électrons libres. Cet effet peut néarmoins 8tre mas-

qué par 1'élargissement das niveaux dans les &chantillons impurs,

2) Pouvoir thermoZlectricue de "phonon-drag” Sp

-3
En ce gui comcerne le calcul du flux de chalaur Peltier Up transpartée par

-5
le systéme ds phonegns dans ls cristal en présence de champs megnétigue H # 0Oz et
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N .
@lectrigue £ # Ox constants croisés, 1'équation de transport de Boltzmann pour les

phonons donns

+ E - > BNEJ' :
Uy = Hws>, v T (4] |-w™- s , (ITI-11)
p ) at
E:J a3 4§l B e-p

ol E et j représentent respectivement le vecteur d’onde de phonon et 1'indice de
polarisation. Dans le domaine des %trés basses températures gqui nous concerne ici,
seuls contribuent & la sommation sur E les modes de vibration acoustigues de gran-
de longueur d’onde. Pour ces modes, nous adoptiﬂs la relation de dispersion maj=sjq,
ol Sj est la vitesse du S?F at q 1i module de g. La vitesse de groupe d'un phonon
d'énergie ﬁwaj est alors vaj = sij/q]. D'autre part, puisgue les surfaces d'gnargie
constante &lectroniguss sont isotropes, seuls les phonons longitudinaux peuvent in-
téraglr avec les &lactrons, =t les deux branches transverses du spectre de phonons
sont inefficaces dans le processus de "phonan-drag”. Il s'snsuit que la sommation
sur j, dans 1'éguation (IIT-11), se réduit siﬁplement & la contribution de la bran-
che acoustique longitudinale. Tp est un temps de relaxation gqui décrit la diffusion
des phonons par les bords de 1'échantillon, les impuretés st les autrss phonons, &
1'exception des électrons. A températures suffisamment basses, seule la diffusion
des phonons par les limites du cristal est importants, et Tp peut &tre considéré
comme indépendant de q et T {Casimir 18938). Nous supposcns également que Tp n'est
pas affecté par la présence du champ megnéticue [Puri 1965). [BNaj/at]E_D représen-
te anfin le taux de varistion de le fonction de distribution ds phonons d0 aux pro-
cessus de ccllisions électron-phonon.

A partir des éguations (ITT-3), (IIf-4) et (ITI-11}, nous obtenons ure ex-
prassion pour Sp, moyennant les hypothéses suivantes : (1] tous les &lectrons dans
la bande de conduction sont concentrés dans le niveau de Landau fondamental n = O
(régime extréme quantique), le gaz électronigue pouvant 8tre dégénéré ou non-dégénéré
suivant la force du champ magnétique ; (2] le nombre quantique n = 0 ne change pas
lors de la collision d'un électron par un phonon ; (3] 1’interaction électron-phonon
est traitée a 1'aide du potentiel de déformation ; (4) 1'effet de clivage de spin
peut 8tre ignoré, L’'expression fipale, qui est valabie au premier ordre sn champ
electrique (potons ici que 1 celoul des niveaux d'énergie d'un &lectron en présence
d'un champ &lsactrigue E # Ox et d'un champ magnétigue ﬁ /# 0Oz constants croisés est
développé & 1'Appendice C) et au second ordre dans le couplage &lectron-phonon {ap-
proximation de Born au premisr ordrel, ast donnée par :

E@ 1 KBT 3 T

e

2 .
— () dx x Qp(xj 1,00 (1TT-12)
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k

N §| = 86.2 UV/K, N est la concentration d' electrons,@ﬁD la température ds Osbye,
pEx] a*/(e" —lJ la fonction d'Einstein, x = HSq/kBT »
1
Ip(x) =J; _[1—u23 [P_(Z%E) (ITI-13)
. T

mesure 1l'efficacité d'"entrainement" dans le probessus de "phonon-drag", c’est-a-dire
la fréquence relative des collisicns phonon (g)-&lectron par rapport & 1'ensemble des
collisions auxquelles les phonons {g} peuvent participer, W = cos€ , 6 étant 1'angle

_>
entre la direction g et 1l'axe 0z,

r(ql = ig,
12
5Te qz H
. — "“[qlzez , (111-14)
|u|[€nsh( m_s =+ g U2 - £) + Coszh %—%E%{]
2kgT 1”4 s B

st 1'inverse du temps de relaxation électron-phonon, rp = [Hc/|e|H]1/2 le rayon

de 1'orbite cyolotron, Qp = (Zm* I'\BT/ﬁzll/2 le vecteur d'onde thermique 2lectroni-
1
que,£~R—B-T(C Hw].
1z 2
% 2 - =g q
Alg) = _..__EE_C__.__Z e 2 sin h(l "QE'? . (IT1-15)
2m@ ds rg B

C la constante de couplage par potentiel de déformation et d la densité du cristal.
Les principaux résultats aobtanus concernant Sp peuvent sa résumer ainsi:

(1) A T donnée, ]Sp| crolt considérablement avec le champ magnéiique en régime extri-
me guantique, beaucoup plus vite gue la composante de "diffusion électronique” |Sel.
A la température ds 1'hé&lium liguide, Sp fournit la contribution dominante au pouvaoir
thermoélectrique total S = Se + SD. En champs magnétigues intenses, la courbs

|Sp|EH) tend & se saturer. Cette tendance & la saturation est davantage proncncée
lorsque la température diminue. Un tel comportement ast étroltement 1ié avec le chan-
gement de statistigque (dégénéré en non-dégénéré)] gui s'cpere dans la distribution
électronique, lorsgue le has de la bande de Landau fondamentale n = 0O s'approche &

EKBT] prés du nilveau de Fermi.

(11) A H donng, |Sp| décroit trés repldement avec T aux plus basses températures

{approximativemant comme T3 {voir Eq. (III-12)). A trés basses températures (di=ons,
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par exemple, 0.5 KJ, SD devisnt quasiment négligesble compard au terme de “diffu-
sinn électroniqua® Se, qui décrolt aussi avec T, mais bien mcins vite. Compta-
-tenu des résultats précédents concernant le calcul de 35 dans la limite extréme
guantigue, 1'étude du pouvoir thermoélectrigue en régime extréme guantigue st &
trés basses températurss, devralt permettre d'obtenir des renseignements complémen-

taires sur la structura de bandes des semiconducteurs.

(iii) Le diffusion des phonons sur les limites ds 1'&chantillon (diffusion de type
Cesimir] peut modifier considérablement 1'amplitude et la variation de ISDI en fonc-
tion de H. Le pouvoir thermecélectrigue de “phonon-drag” est particulidrement sensi-

ble aux dimensions et & la forme de 1'échantillon en régime extréme guantigue.

(iv] Les collisions phonon-phonen réduisent |Sp| 8ux plus hautes températures., Typi-
quement, & H fixé, la courhe |SDIET], aprés une crolssance initiale rapids, passe

par un maximum, puls décroit lentement. Ici encore, 1'étude du pouvolr thermoélectri-
Gus &n régime extréme guantique davrait 8tres & méme de constituer un outil intéres-

sant pour 1'analyse daes interactions phanon-phonen dans les semiconducteurs.

3) Coefficient Nernst-Ettingshausaen AnE

A températures suffisamment basses et en champs magnétiques suffisamment
intenses, nous pouvons, dans vtne bonne approximation, négliger la chaleur Peltier

d’origine purement électronique devent la coniribution due & 1'effet de "phonon-

-drag"”. Nous avons elors [wDT 5> 1} fvoir Eqs. {III-3) et (ITT-5)):

B [Up]y
SIH) Sp T TE ny[H} (II11-18)
et
= 1 [Up)y

En combinant les &guations (ITT-1R) et (III-17), et en utilisant les relations

(ITI-4) ot (ITII-B), nous obtenons

N e c '
ANE(H} Moo= —— 5(H) o . (ITI-18)

H? L

Puisque le pouvoir thermoglectrigue S(H) en régime exiréme guantique varie de mania-

re sensiblement monotone avec le champ magnétique eppliqué, H]l doit refléter

ANE[
l'anomalie “géante" de QL en fonction de H & la "transiticn statistique™, lorsgue

=

le bas de la bande de Landau n = 0 s'approche & guelouss [kBT] dut niveau de Fermi

(voir chapitre I). 146
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The effect of the quantization of the electron energy levels in a strong
transverse magnetic field A on the low-temperature thermoelectric power
(TEP) S of a high-purity isotropic semiconductor (r — type gallium
arsenide GaAs) is investigated theoretically. The “electron-diffusion” (5,)
and “phonon-drag” (S, ) components of S(= S, +5,,) are calculated in the
extreme quantum limit, when all the electrons in the conduction band are
concentrated in the lowest Landau level. The transition to nondegeneracy,
which takes place when the bottom of the lowest Landau level is driven
through the Fermi level, has a large effect on the variations of S, and Sy
with magnetic field. The results are illustrated with numerical calculations
for n — type GaAs at 4.2 K with 1.2 X 10*%cm™ electrons.

Printed in Great Britain

1. INTRODUCTION

ASKENAZY et al.! measured the longitudinal (o)
and transverse (p;) magnetoresistance at T= 2K of a
sample of 7 — type gallium arsenide {(GaAs) with
N=38X 10¥cm™ electrons. They found that, after
a large and rapid increase in the range 30—90 kG, the
magnetoresistance curve turned over and decreased
rapidly above = 90 kG, going to a relatively smali and
stowly varying negative value by about 150 kG. This
anomaly they associated with the transition from
degenecrate to non-degenerate statistics as the bottom
of the lowest Landau level approaches the Fermi level.

In this work, we wish to study, under certain
simplifying assumptions, the thermoelectric power
(TEP) § of a semiconductor (GaAs) at very low tem-
peratures when subjected to a transverse magnetic
field sufficiently strong that all the conduction electrons
" A part of this work was performed at the Eaton

Electronics Research Laboratory, McGilt University,
Montreal, Canada.

T Also at Centre d’Etudes Nucléaires de Grenoble,
B.P. 85, 38041, Grenoble, France.
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are condensed into the lowest Landau cylinder. This
regime, in which hw, » k57, §, where hw, is the
Landau level spacing, kp T the thermal energy, and ¢
the Fermi energy, is what we call the ‘extreme quanturn
limit”. The main object of cur work is to show that the
change in the electron distribution manifested in (1)
has also a large effect on the variation of § as a function
of magnetic field. For this purpose, the electron gas
may be either degenerate or nondegenerate, depending
on the strength of the applied transverse magnetic
field /7. In the theory presented here, we assume the
sample of sufficiently high purity such that

we 7 1, where w, = |e| H/m™ ¢ is the cyclotron
frequency and 7 the electron relaxation tinte. In this
limit, the Landau guantization is preserved in spite of
the coilisions of the electrons with the lattice, GaAs

is chosen because of its very small spectroscopic

g - factor (g = 0.32), so that Zeeman splitting can be
ignored. In addition, a simple parabolic energy band
with isotropic effective mass m™ is assumed. This
adequately describes the situation at sufficiently low
electron concentrations,

As is well known,2~? the total TEP of a semi-
conductor at low temperatures and in the presence of
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high quantizing magnetic fields is accounted for by
the sum of two contributions: § =§, + 5, where
S, represents the ‘electron-diffusion’ contribution,
and S}, represents the ‘phonon-drag’ contribution. At
low electron concentrations, S, and §, can be calcu-
lated independently of each other, and discussed
separately.? We report here the results of the calcu-
lation of S, and S, in the extreme quantum limit,
examine separately their variation as a function of
magnetic field, and then give the major conclusions
obtained by this study. The details of the calculation
will be presented elsewhere.

2. THE ‘ELECTRON-DIFFUSION’ CONTRIBUTION S,

We consider the electron transport phenomena
in the presence of a vanishingly small electric field E
directed along the x axis and of a strong quantizing
magnetic field H directed along the z axis, under
isothermal conditions V7 = 0 (7 — approach method
to thermoelectric and thermomagnetic problems).2
Confining the discussion to the zeroth-crder approxi-
mation with respect to scattering (this adequately
describes the situation in the particular case of a
high-purity semiconductor at very low temperatures
in sufficiently strong magnetic fields such that
we 72 1), we can write the ‘electron-diffusion’
thermopower, S, in the form®
a(H)
Se = (Se)yy (H) =, (1)
Ne
where N is the total number of electrons per unit
volume, e their charge, and a(H) is the entropy of the
system of electrons per unit volume given by
AF (H)

alf) = — P (2)

where /' (H} is the Helmholtz free-energy of the system
per unit volume. Equation (1) shows that S, can be
calculated accurately from the only knowledge of the
electron concentration and of the band structure,
irrespectively of the electron scattering parameters,
Neglecting the effect of spin splitting (in GaAs, the

g — factor is considerably lower than unity), F (1)
can be expressed, for the parabolic band model in the
extreme quantum limit where all the conducting
electrons are localized in the ground oscillator state
with the quantum number # = 0, as

Vol. 14, No. 9

?m@q
F(HY = N|§—kgT , 3
[ T

where { is the energy of the Fermi level, which is a
rapidly varying function of magnetic field,®® the
¥F’s are the Fermi--Dirac integrals defined by,”*8 £
is Boltzmann’s constant, and

- 6*h%). @

By differentiating F'(H'} with respect to temperature
T, and by assuming that, in the very low temperature
range we consider here, the electrons are effectively
conducting independently of T,? we find

kpf3 1,(86) )
=22l s
e (2 F-12(8) & )

3. THE ‘PHONON-DRAG’ CONTRIBUTION §,

Consideration of the electronic motion in the
presence of crossed electric (E # Ox)} and magnetic
(H 7 Oz) fields shows that the electrons mainly drift
along the y direction with a mean velocity 7,, equal
to the Hall velocity.1® At the low impurity concen-
trations we are concerned with in this paper, v,, is
indeed much greater than the mean electron velocity
v, parallel to the electric field E. This follows from
the fact that the current flow in the x direction, J,.,
is precisely produced and enhanced by the collisions
of the electrons with the lattice, whereas the y
component, J,, , can be regarded as entirely determined
by the electric and magnetic fields, and therefore, as
independent of the electron-scattering parameters. In
the zeroth-order approximation with respect to
scattering, V. = Oand ¥, = — ¢ £/H, where ¢ is the
speed of light, and £ and H are the strengths of the
electric and magnetic fields, respectively. In other
words, the net electric current is exactly along the 3
direction in this limit. Now, because of the electron-
phonon interaction, this directed flow of electrons
drags phonons with it, indticing a Peltier heat flux
(Up)y in the y direction. The ‘phonon-drag’
thermopower, S, can then be written as

Sy =(Sp)yy (H - L),
p = Sy ( )MT 7 Pxy(H),
H=(0,0,H) (6)
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where p..,(H) is the element of the magnetoresistivity
tensor given by'!
H

buylH) = — . %

The usual steady-state Boltzmann fransport equation
for phonons of mode g, j leads to
U, = z 2my7 J dPghwg; vy, (%v-;*’) (8)
e-p
where g and / are the phonon wave vector and the
polarization index, respectively, Since the electron
constant energy surfaces are assumed to be isolropic,

only the longitudinal phonons can scatter the electrons,
and the two transverse branches of the phonon spectrum

are ineffective in the phonon-drag phenomenorn. There-
fore, the summation over j, in equation (8), sirnply
reduces to the contribution of the tongitudinal branch.
On the other hand, in the very low temperature range
we consider here, only the long-wavelength acoustic
modes of vibration contribute. For these modes, we
take the dispersion relation to be w, = sq, where s is
the sound velocity, g is the magnitude of g,and v, =
s(q/q) is the group velocity of a phonen of energy
hewyq. The phonon-relaxation processes other than
those on electrons (that is to say boundary scattering,
isotope and point defect scattering, and phonon-
phonon scattering) are described by a total relaxation
time 7, . However, at sufficiently low temperatures,
boundary scattering of phonons dominates, and Tp is
independent of g or T" 7, is also assumed to be inde-
pendent of magnetic field.® Finally, (AN /3 Dp_p is
the net time rate of change of the phonon distribution
function & due to the electron—phonon scattering
processes.,

An expression for S, can be obtained, assuming
that (i) all the electrons are in the n = 0 Landau level
(extreme quantum limit), (i) the quantum number
#n = 0 does not change during scattering {because of
insufficient energy exchange between the electrons
and the phonon system), (iii) the scattering is due to
the deformation potential (in the strong-field region,
it is quite reaspnable to neglect the scattering due to
the piezoelectric mode), and (iv) the effect of spin
splitting is neglected. The final result, which is correct
only to the first order in the electric field (we are
principally concerned here with vanishingly small
electric fields) and to the second order in the electron—
phonon interaction (first Born approximation), is

as follows! 2
3 QnfT
k H kgT
= P (B | e emnm,
o )

THERMOELECTRIC POWER OF r-TYPE GALLIUM ARSENIDE 833

where kp/le| = 86.2 uV/deg, O is the Debye tem-
perature, € (x} = x2¢*/ (e* — 1)? is the Einstein
function, x = hsq/k, T,

_ . . ﬁl"(x,z)
Iplx) = J -z )(T‘(x,z)+(]/'rp)

Here, z = cos 0, 0 being the angle between the q
direction and the direction of the z axis,

INx,z) =

l'zkﬁ;Tzzz {an
exp[2 rc( hs) x°z

)dz, (10)

Al) X\ m*s®  kpTx?z? 5
lz] | cosh 5 + cosh e To? + P

is the phonon absorption coefficient due to the electron-

phonon interaction, r, = (hefle|H)V? is the radius of
cyclotron orbit, and

1200t

g
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FiG. 1. ‘Electron-Diffusion’ TEP, |8/, and ‘phonon-
drag’ TEP (curves A and B), |, 1, as a function of
magnetic field H for n-type GaAs with ¥ = 1.2 X 106
em”? electrons at I'= 4.2 K. The two arrows indicate
the field (= 56 kG) at which the bottom of the n=0
Landau band coincides with the Fermi energy. Curve
A is calculated, assuming (14?: Y, =75 + 5} + 13,
where 75' = 0.60 X 10°® sec™! is the boundary inverse
relaxation time, 75} = Aw* with 4 = 0.46 X 107
sec” is the inverse relaxation time for the scatterin%
due to isotopes, point defects, etc., and 3%, = Bew
T* with B=5 X 1072 sec/deg’ is the three-phonon
inverse relaxation time, Curve B is calculated, assuming
11, = 75" (5" = 0.60 X 10° sec™). 149
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where C'is the deformation potential constant. and o
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takes place at = 56 kG, has a large effect on the
variation of S, and 5, with magnetic field. This effect
is essentially characterized oy a large and rapid in-
crease in both 15,1 and 5, i, (i) Uniike £, and p. . no

is the density of the crystal.
4. NUMERICAL RESULTS AND CONCLUSION

Figure 1 shows the variations of |5, § and |S,!
with magnetic field, as obtained by numerical evalu-
ation of equations {5) and (9), for n-type gallium
arsenide (V= 1.2 X 10 em™ electrons) at liguid

anomalous behavior oceurs at the transition 10 non-
degeneracy, (ii) For large magnetic fields, 1§, and
|55, 1 increase maonotonically with A, although the
raie of increase of |5, | is much slower than that of
[Sy 1. Finally {iv), in the extreme quantum limit, Spi,
which is large compared to .S, 1, makes the dominant
contribution to the total TEP § = 5§, + &,

helium temperature 7 == 4.2 K, The numerical values

of physical parameters for this material are: m* =
0.07 mg (1 = free-electron mass), s = 5.24 X 10°
cmfsec,d =531 g/em?®, @, =345 K, and O =70
eV.1% We can draw the following major conclusions:
(i) The change in the electron distribution, which

B

@ D Do ~d o th

11,

12,
13.
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Abstract— A study is made of the effect of the quantization of the electron energy levels in 5 strong mag-
netic field en the ‘electron-diffusion’ contribution, 5., of the transverse thermoeiectric power of a high-
purity isotropic semiconductor (i-type gallium arsenide GaAs} in the extreme quantum limit, when all
the carriers in the conduction band are in the lowest Landau level, A theoretical expression for S, is
derived, taking inte account of gpin splitting. The sign of 5, is efther positive or negative, depending
on the sign of the coenducting carriers. The transition to nondegeneracy, which takes place when the
lowest Landau level is driven through the Fermi level, has a large effect on the vuriation of S, with
magnetic field. This effect is characterized by a large and rapid increase in |5,]. Spin splitting effects,
even with a small effective mass (m™ = 0-07n1,, where mn, is the free-electron mass) and a very small
g-factor (g == 0-32), greatly modify and reduce |S,.] as a function of field. For large fields, |S.| increases
monetonically with /7. Calculations are carried out for n-type GaAs at T = 0-5°K with & = 1.2 % 10"

cm™# carriers,

1. INTRODUCTION

In the presence of a magnetic field, the energy
levels of the charge camriers in a crystal are
quantized. When the magnetic field strength is
changed, a shift of these quantized Landau levels
relative to the Fermi fevel takes place. Now, when
the magnetic field applied to the crystal is suffi-
ciently strong, all except the lowest of the Landan
levels may have crossed over the Fermi level.
Therefore, provided that the temperature is suffi-
ciently low, all the charge carriers are concentrated
in their lowest Landau level with the quantum
number # = (. This regime, in which fiw, = kT, C,
where fw, is the Landan level spacing, &,T the
thermal energy, and { the Fermi energy, is what we
shall call the ‘extreme quantum limit’. If the strength
of the magnetic field is increased further, the energy
separation between the bottom of the # = 0 Landau
level and the Fermi level diminishes. Therefore,
with increasing magnetic field, the charge carriers
are progressively drawn up to the Fermi level. Let
H ., be the value of the magnetic field for which the
bottom of the » =0 Landau level coincides with
the Fermi level. Evidently, H.., is defined by

o — €] H ey

thotr = with w —t
‘ mre

*A part of this work was performed at the Eaton Elec-
tronics Research Laboratory, McGill University, Mon-
treal, Canada.
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where ¢ is the speed of light, and j¢| and m* are the
magnitude of the charge and the effective mass of a
carrier, respectively,

A sitnation of theoretical as well as of experi-
mental interest occurs at H = H,,. In fact, at H =
.., a transition is induced in the crystal from a
degenerate carrier state, in which the carrier gas
obeys Fermi-Dirac statistics, to a nondegenerate
one, in which the carrier gas obeys Maxwell-
Boltzmann statistics[1, 2]. However, this change in
the carrier distribution does not take place immedi-
ately after the lowest Landau level has passed
through the Fermi level. In fact, the transition to
nondegeneracy begins as soon as the bottom of the
n =0 Landau level approaches within a few times
kyT of the Fermi level [3], With increasing magnetic
field, more and more carriers are progressively
driven into the region of non-degenerate statistics.
Actually, the carrier gas may be considered as
completely nondegenerate when the mean kinetic
encrgy of the carriers along the direction of the
magnetic ficld becomes of the order of { /2)k,T
(quasi-one-dimensional non-degenerate gas[4]).

Experimentaliy, the transition to nondegeneracy
was observed for the first time by Askenazy, Ulmet
and Léotin[5] in the behaviour of both the longi-
tudinal {;) and the transverse (p ) magnetoresis-
tivity of a sample of n-type gallium arsenide (GaAs),
a II-V semiconductor, with N = 38 x [0 e¢m ™3
charge carriers at 7' = 2°K. As the carrier gas passes
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from a degenerate state to a non-degenerate one
with increasing magnetic field. the magnetoresist-
ance shows a giant peak starting at = 30 kG, reach-
ing a maximum at = 90 kG, and decreasing again to
a relatively small and slowly varying negative value
by about 150 kG.

On an intuitive basis, we may expect that the
change in the carrier distribution manifested in
this experiment appreciably affects the thermo-
electric properties of a semiconductor, 1t is our aim
in this present paper and its sequel{6] to present,
under certain simplifying assumptions, a detailed
and quantitative caiculation of the transverse
thermoelectric power (TEP) of a semiconductor in
the extreme quantum limit. A part of this work has
recently been published in the form of a short com-
munication[7]. Asis well known [§-10], the TEP of
a semiconductor at low temperatures and in high
quantizing magnetic fields is accounted for by the
sum of two contributions: § = 5.+ §,., where §, is
the ‘electron-diffusion’ contribution, and §, is the
‘rhonon-drag’ contribution. At low carrier concen-
trations, §. and §, can be computed independently
of each other and discussed separately{8}. For
convenience, we leave for our forthcoming paper
[6] the task of studying the contribution due to
phonen drag, and present in this first paper a de-
tailed anaiysis of the ‘electron-diffusion’ contri-
bution S,. In the theory presented here, the carrier
gas may he either degenerate or nondegenerate,
depending on the strength of the applied magnetic
field. Precisely, our main interest has been the
effect of the change in the carrier distribution,
which takes place when the bottom of the n =10
Landau level is driven through the Fermi level, on
the variation of S, with magnetic field. On the other
hand, it is assamed in the following that the sample
is of sufficiently high purity. so that e, 3 |, where
w,. is the cyclotron frequency and r the carrier
relaxation time, In this limit, the Landau quantiza-
tion is preserved in spite of the collisions of the
carriers with the lattice. In addition, we have re-
stricted our calculations to an isotropic semicon-
ductor (s-type gallium arsenide) with a simple
parabolic band of effective mass m®*. This ade-
quately describes the situation at sufficiently low
carrier concentrations. In spite of the small effec-
tive mass (m* = 0-07m,, where m, is the free-
electron mass) and the very small spectroscopic
g-factor (g = 0:32) of the conduction carriers in
n-type GaAs, the effects of spin splitting are also
taken into account in the caiculation.

It should finally be mentioned that several prior
treatments of the transverse thermal e.m.f. (S5,) in

strong quantizing magnetic fields have been carried
out, but each of these treatments was somewhat
specialized, Obraztsov[11] calculated the thermal
e.mn.f. of a standard band semiconductor ina strong
magnetic field for which the condition w7 % | is
satisfied. He derived expressions for §, for certain
limiting cases: (i} ‘quantum limit’ {Aew,. 2 &,7 and
(3/2yhew,. 2 L) . (1D strong degeneration in the quan-
tum limit’ and (iii) ‘absence of degeneration in the
gquantum limit’. However, he did not draw extensive
physical conclusions from his formulae. In addi-
tion, the effects of splitting of the Landau levels due
to spin were ot taken into account in the calcu-
fation. Ansel’'m and Tarkhanyan{12]also calculated
the transverse thermal e.m.f. in a strong quantizing
magnetic field in an s-indium antimonide (InSb}
type semiconductor, allowing for nonparabolicity
of the conduction band and electron spin. However,
they restricted their calculation to the iimiting case
of electrons subiect to classical Maxwell-Boltz-
mann statistics (i.e. non-degenerate regime).

2. CALCULATION OF §,
In the presence of a static magnetic field H, the
linear relations between clectric current density
J, electric field E, temperature gradient VT, and
heat current density U, may be written as the well-
known phenomenological transport equations[13]
E=p-J+5 -VT}
U=x-J—x VT (D

where all the coefficients, actually tensors, are
functions of H. In these expressions. p is the elec-
trical resistivity tensor, « is the thermal condue-
tivity tensor, § is the thermoelectric-power {TEP)
tensor, and  is the Peltier tensor. These transport
coefficients are not independent, but are related by
the Onsager refations of the thermodynamics of
irreversible processes

py(H) = pyi— H)}
ky(H) = r;{— H) (2)
and
|
SU(H) = “;F TTJ;'(‘“H) (3)

arelation known as the Kelvin relation.

In what follows, we are concerned ourselves with
the study of the TEP in a strong quantizing mag-
netic field. According to equation (1), the defining
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equation for .S is given by:
E=S8VT (4)

with the auxiliary condition that J = 0. However,
to calculate S directly from equation (4}, we need to
consider the effects of the electric field and the
temperature gradient simultaneously, As  was
pointed out by Herring et /. [8], Puri|9], and Gure-
vich and Nedlin[14], we can eliminate the necessity
of incorporating a spatially varying temperature in
the theory of thermoelectric phenomena, by using
the Kelvin relation. In effect, equation (3) provides
a very convenient way of calculating the TEP. In-
stead of a direct calculation of §, we may first deter-
mine the Peltier coefficient 7 from the solution of
an electrical conduction problem assuming the
temperature gradient to be always zero. Putting
VT = 0inequation (1), we have

U=x"'] (5)
with
J=ouv-E (6}

where o = p~! is the magnetoconductivity tensor.
The TEP is then easily obtained using Kelvin’s
relation. This method of computing § from w7 is
usually known as the m-approach method[8].

Let us now apply this convenient way of solving
thermoelectric transport problems to the particular
case of a high-purity isotropic semiconductor at
very low temperatures when subjected to a strong
magnetic field H= (0,0, H) directed along the
z axis and to a vanishingly small electric field
E = (E, 0, 0) directed along the x axis. According
to equations (5) and (6), the procedure is to calcu-
late the heat current density U in an electrical con-
duction process in the presence of E under iso-
thermal conditions. Now, because of the electron-
phonon interaction, U consists of two parts, name-
ly, U=U,+U,, where U, represents the heal flux
carried by the charge carriers and U, is the heat
flux carried by the phonon system[8]. However, as
we are interested in this present paper in the purely
electron-diffusion part of the TEP, we shail only
consider in the following the heat transfer due to
the charge carriers themselves, leaving for our
forthcoming paper[6] the task of studying the
problem of phonon drag.

Consideration of the electronic motion in the
presence of crossed eleceric (E|Ox) and magnetic
{H|O.) fields shows that carriers mainly drift along
the y direction with a mean velocity &, equal to the
Hall velocity[15]1. At the low impurity concentra-

tions we are concerned with in this paper, &, is in
effect much greater than the mean carrier velocity
z, parallel to the electric ficld I, This foliows from
the fact that the current flow in the x direction, J,.,
is precisely produced and enhanced by the collis-
ions of the carriers with the lattice, whereas the v
component of the current, J,., can be regarded as
entirely determined by the electric and the mag-
netic fields and therefore, as independent of the
carrier-scattering parameters{16]. In the following,
we deliberately confine the discussion to the zeroth-
order approximation with respect to scattering. This
approximation, though elementary, adequately
describes the situation in the particular case of a
high-purity semiconductor at very low tempera-
tures in the presence of sufficiently strong magnetic
fields, such that w7 = 1, where o, = [e[H/m¥c is
the ¢yclotron frequency and 7 the relaxation time of
the charge carriers. Under these conditions, it
follows easily then that ©.=0 and o, =—cE/H,
Here, £ and H are the strengths of the electric and
the magnetic ficlds respectively, and ¢ is the speed
of light, In other words, the net electric current is
exactly along the y direction. This directed flow of
cdarriers causes, in its turn, a Peltier heat flux (I/,),
in the v direction. According to equation (5}, the
electron—diffusion contribution 7, of the transverse
Peltier coefficient (irrespectively of the phonon-
drag phenomenon} is given by:

(m. ], (FH) = @

H= (0,0 H}. (7
Then, using the Kelvin relation (3) with the aid of
equations (2), {6) and (7), and assuming the crysial
to be isotropic in the absence of a magnetic field,
we straightforwardly get for the transverse elec-
tron—diffusion TEP

Se= 18,1l H) = [m L= 1)

1 (U.),
=7 g PelH)

H=(0,0.H). (8)

Here, p,,(H) is the element of the magnetoresis-
tivity tensor given by [17]

t :
P.n'g:(H) 77;;‘_(}73‘- |(f.r,r:E e ’0“.1-.1-!
H
=— H=(0,0,H 9
L m=wom  ©

where N is the total number of carriers per unit
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volume, and e their charge (¢ < 0 for electrons,
¢ > 0for holes).

Now, since we are concerned here with the
zeroth-order approximation with respect to scatter-
ing, there is no irreversible conversion of electronic
energy into heat by collisions with the lattice, Fol-
lowing MacDonald[18], it thus seems very natural
to assume some sort of quasi-eguilibrium condi-
tions, and therefore to regard the process as
reversible. Accordingly, by applying the thermody-
namics of reversible processes, we then readily
find from equations (8) and (9):

_alH)

No (10}

S

where «(H) is the entropy of the system of carriers
per unit velume given by

_OF(H)

alt) ==

(11)
where F(H} is the Helmholtz free-energy of the
system per unit volume. Equation (10), which we
have obtained here in a quite simple way, says that
S, in the zeroth-order approximation with respect
to scattering is the ratio of the ‘entropy per carrier’
to the carrier charge. This result was first obtained
by Obraztsov[11] in the case of a standard electron
spectrum, taking account of the diamagnetism of
conduction electrons. Tséndin and FEfros[19]
showed, on the other hand, that the same formula
(10) aiso applies in the case of Kane-type semi-
conductors. Actually, this formula clearly shows
that in a sufficiently strong magnetic field, such that
wr ¥ 1, the purely electron-diffusion contribution
S, of the transverse TEP can be calculated accur-
ately from the only knowledge of the carrier con-
centration and the band structure, irrespectively of
the carrier scattering parameters. Putting equation
(11) into equation (10) gives

1 GF(H)

Se:i s
Ne oT

(12)
and the calculation of S, reduces to determining
the Helmholtz free-energy F(H).

In the extreme quantum limit where only the # =
0 Landau levels contribute, £ (H) can be written in
the form [20]

FH)=N{—3 [ #A)f(e)de  (13)

with

Z,(e) =f: D, (€) de. (14)

Here, fle) is the Fermi-Dirac distribution func-
tion, which expresses the probability of occupation
of a given state of energy, designated by e, D, (¢) is
the one-particle density of states per unit volume
and energy corresponding to the direction of spin
o and { is the energy of the Fermi level, which is
determined by the usual condition

N=3 | Do (e)f(e) de (15)

where N is the total number of carriers per unit
volume.
For a parabolic band of effective mass m*,

1 R 1 ‘

5 fiws, %*75’#30"}1 H=(0,0,H) (16)

£ =

where u;, = e#/2myc is the Bohr magneton, o = =1,
g is the effective g-factor of the charge carriers, and
1, is the free-electron mass, The densities of states
of the two spins are then given by

] 2 HY 12 1 —1/2
b ) et o)

(17

Do{e} =

where r. = (fic/|e|H}* is the radius of cyclotron
orbit and y = g (m*/2m,).

Following the lines of the previous work by Jay-
Gerin and Wallace[4] and using equations {13)-
(17), we may straightforwardly calculate F(H) in
the form:

F(H) = N(c—k,,rg—*l') (18)
where
1 2meye
=g a) (DS
Sy= E gnz(fc)s
S1 = 2 3?’4—112('2:':)1
LT

§g=m[§—5ﬁmg(1—w)} (19)

and the %#’s are the Fermi-Dirac integrals defined
byi21,22]

xdx
e(.r—fl + 1

1 "
F1(2) = TU*”L 20

By differentiating £ (H) with respect to tempera-
ture T and by assuming that the charge carriers are
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effectively conducting independently of T[4], we
finally obtain according to equation (12):

5, =k Pgt_ (o) o _A_,] on

e 25, kT S
where
_ lﬁwr'v
R=3 kT (22)

is half the ratio of the spin splitting to the thermal
energy, and

a = 2 TF _y(éq).

T

(23)

When the effects of the spin splitting are neglected,
R — 0 and only the first two terms of equation {21)
survive, In this case, equation (21) thus reduces to
the following expression

k.’i [3 ?lﬂi(f) ]
Se=—"lc—"— 24

e 25 (&) ¢ (24

where
{— 4w,
=T 25

4 T (25)

Equation (24) was previously obtained by

Obraztsov[11).

3. NUMERICAL RESULTS FOR GaAs AND DISCUSSION

Numerical calculations of 5, were carried out for
n-type gallium arsenide with N =1-2x10*¥¢m™*
electrons at a temperature T = 0-53°K. It is easy to
sec from equations {21) and (24) that the actual sign
of §, is the same as the sign of the conducting
carriers, For the case of n-type GaAs we are
concerned with here, S, is thus negative. In Fig.
1, we show the difference in the magnetic field
dependence of |S,| calculated with and without spin
splitting, Even with a small effective mass {m*
= 0:07 my) and a very small g-factor (g = 0-32), the
variation of |S.} with i is seen to be greatly modi-
fied by virtue of the spin splitting. When we take
into account of this effect, the curve of [S.| vs H
begins to increase rapidly to a maximum, then
flattens somewhat as the bottom of the upper spin
band passes through the Fermi level {, before
rising again with increasing field. For large fields,
|S,.| increases monotonically with & . It should be
noted, however, that the results of equation (21)
concerning the spin splitting effects actually hold
for sufficiently pure samples and very low tempera-
tures. In effect, if there exist collisions between the
charge carriers and various kinds of scatterers, or

TEP
{Electranic) -~
uy/sdeg K e
ISel -

{(T=05K)} ”

150

100
5 —— — = Without =pin splilling
04 .
——— With spin splitting
H (kilogauss)
o ! ; L I
0 30 160 150 200

Fig. i. ‘Electron-diffusion” TEP, |S,}, as a function of
magnetic field H, calculated with and without spin split-
ting for s-type gallium arsenide (GaAs) with N =1-2x
{0em™ electrons, g=032, m* =007 m,, and at a
temperature of 7= (0-5°K, The arrow indicates the ficld
at which the bottom of the upper spin band coincides with
the Fermi energy. The value for the lower spin band does
not fall in the range of fields shown.

if the temperature is raised, then either the broad-
ening of the Landau energy levels or the thermal
smearing of the Fermi level may become greater
than the spin splitting, and therefore mask the
corresponding spin effect, Obviously, equation (24)
holds in this latter case[7].

In Fig. 2, we have plotted the variation of the
Fermi level ¢ as a function of field. In the strong-
field extreme quantum limit, ¢ is seen to be a rapidly

FERMI ENERGY
20k g(xm“)
args
(T=0.5K)
1.5+
1.0
0.5 H (kilogouss)
1 I {
0 50 100 150 200

Fig. 2. Plot of the Fermi fevel { as a function of magnetic

field A in kilogauss for n-type gallium arsenide with

N=12x10%cm™ electrons and at a temperature of

T=905K. The arrow indicates the field at which the

bottom of the upper spin band coincides with the Fermi

energy. The value for the lower spin band does not fall in
the range of fields shown.
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varying function of the magnetic field strength[4,
20]. Now, for completeness, let us discuss the two
following limit cases.

(a) Strong degeneracy

In the limit of extreme degeneracy, the Fermi-
Dirac functions can be replaced by asymptotic
forms due to Sommerfeld and others(21,22]. In
particular,

e - 4 32 ._.ﬂi
Frnlf) = o= e (1+8§2+ ) o

and

F el ) z\/%w(l— ) e

.
24¢°

In the regime in which only the n = 0 Landau levels
are occupied, but the system is still strongly degen-
crate, equation (21) becomes in terms of density of
states at the Fermi level:

m, D)

5~ K27y, 120 28)
which is, as expected, proportional to the absolute
temperature 7. Equation (28} is the familiar for-
mula for the electron-diffusion TEP in the zeroth-
order approximation with respect to scattering[23,
24]. The density of states in this case is given by

D) = | (Zm*

(i) D™ | )

(29)

which strongly increases as the bottom of the upper
spin band approaches the Fermi level.

(b) Limir of ‘classical’ statistics

With increasing field, not only is the density of
states increasing, but more and more electrons are
being driven into the region of non-degenerate
statistics. When the system has become completely
nondegenerate, then explicit and rather simple
forms for the electron-diffusion TEP again become
possible. In this regime, we may write, to a good
approximation 4, 211,

F €)= e W 5 1 P T/ (30)
. 1 ,
3"’—‘—1!2(6) = gl _@eﬁz\-ﬂ e, é: < {), {31)
In fact, only £, contributes appreciably, since
[l =1&1+2R (32)

and R is substantially larger than unity, Actually,
for GaAs (g =~ 0-32)

H
R=1: -2 =
R=107x10 (T)

where H is in kilogauss and T in degrees. Thus, at
H=140kG, T= 05K, R ~ 3.

Using equations (30), (31) and (32), and keeping
only terms to the first order in ¢ *f and to the second
order in e ¥+!= ¢~ we get from equations (19)
and (23):

| _
S+:g‘“(l—me ”+EZR), (33)
si=er(i-dsereem), o9
and
A= e*"( —% e*”—fZR). (35)

On the other hand, by virtue of equations (19) and
(34), we have approximately

fic KE
e = 2\/57721\'—(

112
e (er) - 09

With the aid of equations (33)-(36), we then get
from equation (21) the following asymptotic value
of the electron-diffusion TEP in the region of non-
degenerate statistics:

S, =Si+5,9 37
where
ke[, e £ 3w ke
Se=7 [2+2kBT T 2 N
ﬁQ 142
x —_— e ——— PR
(rrm*knT) ] (%)

gives the result without spin splitting, and
S0 = _kf [—R{1—2e %) +reg 2. 1 39

is the additional confribution when we take account
of spin splitting. Here,

A=V2Re™ = wyN( (40}

ﬁz
wm*kBT)
is independent of H.
Equations (38) and (39} agree with the previous
results of Obraztsov[11] and of Ansel’m and Tark-
hanyan[12].
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ABSTRACT

In this paper, we develop a study of thz effent of the quantization of the
electron energy levels in a strong magnetic field H on the "phonon-drag” contribu-
tion, Sp, of the transvgrse thermpelectric power of a high-purity isotropic semicon-
ductor {n - type gallium arsenide GaAs) in the extreme guantym limit. A theorstical
expression for Sp is derived, assuming that (i) all the electrons in the conductian
band are accommodated ip the n = O Landau level (extreme quantum limit), (ii) the
guantum number n = 0 does not change during scattering (because o insufficient ener-
gy exchange betwsen the electrons and the phonon system), (1i1) the electran-phonon
interaction occurs through the deformaticn-potentisl scattering [in the strong-field
region, the scattering via the piezoelectric-coupling mechanism can be ignored), and
(iv) the sffect of spin splitting is neglected. The resulis, which are valid to the
the first order in the slectric fieid and to the second order in ths electron-phonon
interaction (first Beorm approximation), show that the transition to non-degeneracy in
the electron dlstribution, which takes place whan the bottom of the lowest Landau
level approaches within a few (kBT] of the Fermi level at very low temperatures, has
& large effect on the variaticn of Sp with magnetin fisld. The curves of ISDJ vs. H
at first rise very rapidly with increasirg H, and then tend to saturate as the slec-
tron distribution becomes non-dagenerate. This tendency to seturate is more and more
pronaunced as ths temperature is decreased. Numerical calcylations are carried out

for n - type GaAs with an electron concentration of 1.2 x 1016 cm"3.
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I. INTRODUCTION

In the range of low temperatures, it is well known that the total thermo-
glactric power (TEP) of a samiconductor can be divided into two parts. The first is
due to the normal tendency of the electrons to diffuse through the crystal when a
temperature gradient is present. The second is connected with the fact that the
temperature gradient in the lattice produces a phonen current, which drags electrons
with it as a result of the electron-phonon interaction. The first is the usual
"electron-diffusion” part of the TEP, and the sscend is the so-called “phanon-drag"”
thermopowerl_S. In semiconducting materiéls with sufficiently small electron con-
centrations, these two parts can be computed indspendently of each other and dis-

Il

cussed separately4 ,» 50 the total TEP, S, may be written as

§ =5 + 5, (1}

where the subscripts 2 and p are used for "electron-diffusion” and for “"phonon-drag",
respectively.

In the absence of a magnetic fisld, the electrons occupy Bloch states in
the conduction band. Upon application of & sufficiently high magnstic field, ths
energies of the electrons becoms guantized inm a plane perpendicular to the magnetic
field, and remain quasi-continueus in the direction of field,

This guantization of the electronic orbital motion normal to the applied
magnetic field destroys the Bloch scheme QF.classiFying the states and results in
the formaticon of semi-discrete energy levels, the well-known "Landau levels”, in the
electronic band structure. ' l

The presence of such a semi-discrete energy spectrum for the electrons may,
under certain circumstences, greatly alter the behavidur of the tharmoelectric trans-
port properties of a semicornductor. For instance, Puri and Geballea measured the
thermoelectric power, 5, of n-type indium antimonide {In Sh] in the presence of high
transverse magnetic fields of up to 100 kG in the temperatdre range from 7 to 80 K.
They found that as long as the magnetic field is in the classical region [ch << kBT’
where ch is thse Landau-level spacing and kBT is the thermal energy of a typical
conduction electron), the "phonon-drag" component Sp is very small and lies within
the uncerteinty in measurements. On the other hand, however, in higher magnetic
fields, in the guantum region [Hmc >> KBT}, when it beacomes possible for gquantiza-
tion to play an essential role in the transport properties, the “pheonon-drag” TEP
increases very rapidly with magnetic field, much more rapidly than the "electron-
diffusion” component Se, and makes the dominant contribution to the totel TEP, S, at
the lower end of ths temperature range. Actually, for In Sb, a "phonon-drag” compo-

nent of about 10 000 microvolts per degree was obtained at 10 K and in a field of



(4]

100 kG. An extensive survey of the subject can be found in the review article by
Zyryanov and Guseva7.

A case gf partieular physical interest is that of the extreme gquantum
limit. The term of "extreme quantum 1imit" is often used to refer to semiconductors
in magnetic fislds syfficient]ly strong (typically 50 or 100 kB) and at temperatures
sufficiantly low (4 K ar lower temperature), so that Hmc >> kBT and ;—ﬁmc >> r,
where { denotes the Fermi engrgy- Hare, all expgept the lowast of the guantized landau
levels have crossed ovar the Fermi level, and all the conduction slectrons are ac-
commodated In their lowest Landau level, whipgh is characterized by ths oscillator
guantum number n = 0. The transverse magnetic motion is frozen out and only the one-
dimensional longitudinal motion along the direction of the magnetic field remainsB
Obviously, the well-known de Haas-van Alphen sffect (the osgiilatory dependence of
magnetic susceptibllity on reaiprocal magnstic field intensity) or the related oscil-
latory effects in transport phenomanra (magnetoresistivity, Hall coefficient, therma- V
electric power, for instance) disappear in this limit. Now, if the strength of tha
applisd magnetic field is increased further, the energy separation between the bot-
tom of the n = 0 Landau level and the Ferml level diminishes. Therefore, with increa-
sing magnetic figld, the electrgns are progressively drawn up to the Ferml level. At
a certain gritical valye qu of the magnetic field, the bottom of the n = 0 Landeu

level coincides with the Fermi level, Evidently, Hqu is defined by the condition

1 Gr cr IE‘ Hcr
"é‘ HLUC = C, with LUG = 7—0— " [2)

Here, mC denotes the cyclatron freguency, =3 is thevdoclityof light, and Ie] and mx
ara the magnitude of the charge and the effective mass of an electron, respectively.
A situation of thecoretical as well as of exparimental importence ocecurs at H = Hcr'
In fact, when H = ng‘ a transition is induced in the crystal from a degenerate
alectron state, in which the electron gas obeys Fermi-Dirac statistics, to a non-
degenerate one, in which the slectron gas oheys Maxwell-Boltzmann statisﬁicsg’lu.
However, such & change in the electron distribution does not taka place immediate-

ly after the lowssy Landau level has passed through the Fermi level. In fact, the
transition to non-degeneracy begins as soon as the bottom af tha n = 0 Landau level
approaches within a few kBT of the Farmi 1evelll. With increasing magnetic field,
more and more electraons are progressively driven into the region of non-degenerats
statistics. Actually, the elzctron gas may be congldered as completely non-degenerate
@s soon a5 the mean Kinetic gnergy of the eslectrons along the direction of the ap-
plied magnetic fisld becomes of the prdar of % KBT (quasi-one-dimensional non-
degenerate gas]a. The transition to non-degeneracy was chserved experimentally for

the first time by Askanazy, Ulmet, and Léotinl2 in the behavior of both the langitu-
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dinal (p//) and transverse (p,) magnetoresistance of a sample of n-type gallium
arsenide {Ga As) with N = 3.8 x IDIB omAa alectrons at T = 2 K. They found that, as
the electron gas passes from a degenerate to a non-dagensrate state with increasing
magnetic field, the magnetoresistance curve shows a gient peak starting at ¥ 30 kG,
reaching a maximum at & 90 kB, and decreasing again rapidly to a relatively small
and slowly varying negative value by about 150 kG.

On an intultive basis, we may expect that the change in the e=lsctron dis-
tribution manifested in this experiment has also a profound effect on the thermo-
electric properties of a semicondusctor. It is the subject eof this ressearch to present,
under certain simplifying assumpticns, a detailed apd guantitative study of the trans-
verse TEP of & semiconducior throughout the extreme quantum limit. In particular,
our main interest has been to sxamine the effect of the transition to non-degensracy
on the variation of 5 as a function of magnetic field. A part of this work has re-
cently been published in the form of a short communicatimnls. We have also reportead
in a separate paperl4 the datailed analysis of the "electron-diffusion” contribu-
tion, Se, of the transverse TEP of a high-purity isotropic semiconductor [thype
Ga As) in the extrema guantum limit. In the present paper, we now wish to focus our
attention teo the deteiled analysis of the "phonon-drag” contribution, S . As in our
previous paper14, 1t is assumed in the thecry developed here that the szmple i5 of
sufficiently high purity so that w. T >> 1, where T is the electron relaxation ftime.
In this limit, the Landau quantization is pressrved in spite of the collisions of
the slectrons with the lattice. On the other hand, we have restricted our calcula-
tions to the case of an isotropic semiconductor (n-type Ga As) with a simple para-
bolie energy band of esffective mass Ej‘ This adequately describes the situation at
gsufficiently small electron concentrations. Finally, the effact of spin splitting is
neglected in the calculation (in Ga As the spectroscopic g-factor is very small,

g 0.321%).

IT. CALCULATION OF Sp

Let us consider the approach to squilibrium of the system of interacting
elactrons and phonens in a high-purity isetropic semiconductor at very low tempera-
tures in the presence of a strong quantizing magnetic field ﬁ =(0, 0, H) directed
along the z axis and of a vanishingly small selectric field E = (E, 0, D) directed
along the x axis, under isothermal conditions %T = 0 (7 - approach method to ther-
moglectric and thermomagnetic prmblem5)4’5._The "phonon-drag" contricution, Sp’ of
the transverse TEP (irrespectively of the "electron-diffusion”™ phencmenon} can be

14
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1 B Y
s = [s (H) = & - o HY, (3)
(6] vy T
H = (o, 0, H.

Here, (UD]y is the y component of the Peltier heat flux carried by the phonon system,
as a rasult of the electron-phenon interaction, T is the absolute temperature, E and
R are the strengths of the elactrip and magnetin fields, respectively, and Qxy (H)

5
is the =zlement of the magnetorgsistivity tensor given byl

pxy (H) = - N o s

. (4]

where N is the total number of electrons per unit vpluma, and 2 thelr charge (e <O
for.electrons),

Reggarding the celeulation of the gnergy flux cerried by the phonon system
in the crystal under the presence of crogsed electric [E /7 0x) and magnetin [ﬁ /7 0z}

-
flelads, the usual steady-state Boltzmann transport equation for phonons of mods qj

gives
N>
A -3 3 > - CIJ]
U = 2 d wr, v, o s (5
P E 2m) f q f CRIY TD(QJ] [ ot Je-p J

J

where we havs written explicitly the dependence of the integrand on Ej, E and J being
the phonon wave vecipr ang the polarization index, respectively. In the very-low-
temperature range we ars concerned with in thg prasent study, only the lowest fre-
quencies in the phonon spectrum oentribute. For these long-wavelength acoustic modes
of vibration, we can teke the dispersion ialatigz‘to ba-maj = i. g, where Sj is the
velocity of sound, g is the magnitude of g, and ng = Sj (a/g) is the group velo-
city of a phonon of energy ngj. However, since the electron constant energy surfaces
are assumed to be isotropic, only the longitudinal phonpns can interact with the
electrons, and the two transverse branches of the phonon spectrum ere ineffective in
the "phonon-crag” phenomenon. Therefore, the summation over Js in Eqg.(5), simply
reduces to the contribution of the longitudinal acoustic branch. In the following,

we shall drop the index j. The phonon~rglaxation processes other than those on elec-
trons, namely boundery scattering, isotope and point defect scattering, and phonan-
phonon scettering, are described by a *ptal relaxation time Tp {aj. At sufficiently
low temperatures, however, only scattering of phonons by crystal bounderies is impor-
fant. In this case, T is essentially determined by the dimenmsions of the crystal,
and can then be regarged as independent of g and T. In eddition, it is also assumed
that T is not affected by the presence of the magnetic fisid'®. Finally, [ana/at]
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denotes the net time rate of change of the phonon distribution functian Na dus to the
electron-phonon gscattering prooesses.
- The basic&amiltmnian of the combined system of interacting electrons and

phonans can he written as the sum of three terms

W =H +H +H . (6)
e p e-p

Here, He is the unperturbed ﬂ&mdltonian nf the electron ges in the presence of cros-

sed static electric (E // 0Ox] and magnetic (5 // 0z) fialds. In second-guantized

form, Ha is given by
H=EEac G, (7)
where the c; and Co act to create and annihilate an elsctron in the guantizsd lLandau

X
gtate o = (n, ky, kz]. For a parapolic band of effectivae mags m , the one-particle

energy Ea is

L 1 + _cE.2
EC!. = EO!. ef Xo(Ky] + 'é" m (H—-] . . (8)
where
o 1 ﬁz ki
e, = (n+ =) A+ . (93}
o z2 c 5 m*

is the energy eigenvalue when there is no electric fisld {E = 0], Here, the Landau
magnetic gquantum number n is a positlve integer or zero, kyand kz are the wave num-
bers associated with the Yy end z coordipates, and mc = |e| H/mx c is the cyclotron
fraquency. The second term in Eq.{B8) represents the mean potsential snergy in the
electric field E // Ox of the {andau state centred at

Xo (k) = g7 (A K, + m* &, (10)
Finally, the last term in Eq.(8], %nm* (cE/H]Z, denctes the kipetic energy associated
with the "drift" of the elactrons along the y direction, In fact, this term is dirsc-
tly relatad, in the zeroth-order approximation with respsct tg scattering, to the
well-known classical result that an electron in the prasence of crossed constant
electric (E // 0x) &nd magnetic (/7 0z) fields moves, on the averags, in thes y di-
rection with a drift velosity egqual to the Hall velocity [—cE/HJl4- The one-particle
eigenfunction wu(?) associated with Eq is given by
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> ilk, v + k_ z)
(0] s g Y S [xomox k] (11)
{;rq:; . rn
where ¢n[x - xo(kyij is the normalized wave functlon fpr a simple harmonic oscilla-
tor of fraguency wc in ifs n th excited state and nscillating in the x direction

aboput the point xo[kyj, and Ly* LZ are the linear dimensions of the crystal corres-

ponding toc the Y and z coprdinates, respectively. Hp is thedbamiltonian of the
+
systam pf phonons. In terms of phonon creation and arnihiiation operators by and

b+: 1s va Dy

o + ]_
HD “%H“’E [ba ba>+§). (12)
q

Finally, He-p is the Hdamiltonian of eleptron-phonon interaction, which may be sxpres-

sad in second quantized form 5517

HE“D ) E > Targ

an q

> + +
(q) ¢, o (b>+ b =~>1, (13)
' o 8 [s) -4

.
whera Yy () is the matrix slement for the scattering of ap electron from a state

'
o to a Stzte " with either absorption of a phonon pf momentum %g or emission of a
phanon of momentum -Hg-

‘ Now, as a congeguence of the glectron-phonon ipteraction, the guantized
Landau states are unstable, Let Pégm] (o' + @) denote the transition probability per
unit time for an electron to be scattered from o' to o with the smission of a phonon

> .
of mods g. By first-order perturbation thegry (Born approximation), it is

(am) , _2m 12 o
Pa (0! > a) = &= (N—q> + 1) 'ya,a {q]’ 8B, - Fy maa. | (14)
Similgrly, the tramzition praobgbhilify per unit time Péabs] (a0 > ') for an electron

to go from o to o' with the absorption of a phonon of mode E is

Piaba]

1y o= 2T 2312 -5 -
> (o o) =& Ny ’yu,a {q]’ 8B, - &, o) (15}

Combining emission and absorption, we ohtain for the net time rate of change of the

phonen distribution functipn Na<due to the eslectron-phonon interaction

N>
_ ( b
[ aﬂem -2 {Paemjm'ﬂ] fa [Hu:l ) F,éa e fa [lﬁ"coe']}

oo’

21 2
e ) IY(W (q)] §Fy, - E, - Au) [N’{S[?O,,,—Fa]#a,[l—n”a)].

0o
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Hera, Fa denotas the prebability for a stete o to be occupied by an electron. Eviden-
tly, in the absence of external electric field (E = 0OJ, Fa is identical with the usu-

al equilibrium Fermi-Dirac distribution function

(e - zl -1

o .
+ 1 , {(17)
kBT

=] [=] el
f o=F (e ) = |e
o o

where 8; is given by Eg.(8), and ¢ 1s ths Fermi'ehergy. Now, in the case where an
extarnal electric field is present fE # 0), the glectron system is described by a
non-eguilibrium stationary ctate, and the elsgtron distribution function Fa hecomes
essentially a non-equilibrium one. As is well known in the thaory of nonlinear
galvanomagnetic effeocts in semiconduatoraleED, such a non-equilibrium state of elec-
trons can be descrlbed by a Farmi-Dirac distributicn function with an "effoctive”
electron temperaturs TBEE), which sxceeds the lattice temperature T and which is
proportional to the sguare of the magnitude of the electric field through & rsla-

tion of the form
2
TLEY = (L o+ AETD, | (18)

where A is a constant indepandent of £. (It is precisely this Heating of the electron
gas that gives rise, at sufficiently high electric flelds, to the so-called "warm”
or "hot"” slectron affects in semiconductors)., It must be borne in miﬁd,_hDWever,
that we are principally concerned'in the prasent study with the limitihg case of
vanishingly small electric fields. Moreover, we wish to calsoulate [BNS/BtJEMD
correct only up to terms linear in E. Under these conditions, 1t can easily be shown
from the above considerations that f, is identical, up to terms of order E2, with
ite thermodynamic eguilibrium value F& .as given in £q.(17).

To proceed, we next assume, as is usually done in linear transport theary.

that the steady-state pheonon distribution doss not depart very far from equilibrium.

Accordingly, we write

[ =]
No = N + , << N ), g
> (Hu) + g ’g§| () (193
where
o Hwa\ -1
N [%w—aJ = |le Ké—? -1 _ _ (z0)

is the thermal equilibrium phonon distribution function. From Eg.(5), it is then

clear that
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AN gr
- - . (21)
ot T
ep P

Cambining this last equation with Egs,{168), (17), (18), and (20), and solving the
resulting equation for ga, the "out-of-balance” of the steady-state phonon distri-

bution functien, we get

I TN R LY IS A€ I (22)
g 7 (N theg) = N AR L SRV
where

2 -+ 2 - _ . e o
riq) = & gw' IYoua (§3]° 8CE,, - B, = Hog) (£, - £ (23)
is the phanon absorption coefficient due to the electron-phanon interaatiaﬁﬁnVBrseelectrs-

) . *
nic phenon lifetime), and wa is the Doppler shifted phonon freguency given by

H

* cE
b A =R
wx

g
[1 == t—qwla] : (24)

where qy (= k' - Ky] is the y component of the phonon wave vector a which is invaol-
ved in the transition o + o', and & 1s the valocity af spund.

As we limit purselves to pheromena linear in the electric field F, we may
expand the diffarence Dvo[ﬁwzJ - Nc[Hu%J] in Bg.(22]) to the first order in E, by
making use of E£q.(24). Doingqthis, we ghtain

kT Hus

Q »* o cl B o
N (HAwr) = N (Kus) & - (S2)Hg, ———a :é (—=) , (25}
g I Y [Hwa]z P kgt

whareéin (x)} = x2 éx/[gx - 1)2 is the well-knewn Einstein function.

We can now collect factors and chiain a formuls for the total Peltier heat
-
flux Up carried by the phpnon system, in consequence of the electron-phonon interac-
tion. From Egs.(5), (21), (22}, and (25), it follows that

- kT : + At -
S i B G EY %p{";?—?) T AT (28
' am q B P

Further progress with Eq.(28) depends on the explicit form of P(G]. Accardingly, we
now turn our attentipn to the evaluation of Eg.(23). For this purpose, we nesd tha

Z
[E}- Thls is egasily found to be 1,19
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(11)

(k's g, k. 8 ? 8 (27)
y . z

where
400

iqxx
(ko dgs k3 o=f  dx ¢ [x - xo[kgﬂ e o, bx - %o J] (28)

J

nl

n

and Clg) denotes the strength of the electron-phonon interaction. Substituting Eg.(27)
into Eqg.(23}, end with the aid of Eqs.{(8), {(8), (17), and (24}, we find

+ 27 2 2
TG = 250 I, (k +ao.,aq., k)
@ g 1ot Z’n. E e TRy T By S By
r yl Z
e’ - e’ v I P P S A ] (29
X €ﬂ',K s 0k wa- N +q o, 9]
z z z z z Z o

the factor 2 taking eccouni of the spin. Note that, in obtaining this result, the
summations over KQ and Ké were readily evaluated with the Kronecker deltas.

Now, for the case of a semiconductor in the extreme quantum limit, the magnetic field
is so large and the temperature is so low that {1) all the electrons in the conduc-
tion band are concentrated in the ground ascillator state with n =0, and (2] the
magnetic quantum number n does not change during the,scattering, because the availa-
bie thermal esnergy is insufficient to raise an alectron to an exclted oscillator
state. In other words, this means that n = O for both the initial and final states

pd
in Eg.{28). In that case, the appropriate matrix element'is2

2 ‘ri 0y/2
T (ky * Ay Gy ky} =g . (30)
5 5 1/2 ‘ -
whare q = [qx + qV] is the componsnt of the phonon wave vector directed normal
to the magnetic field, and r, = Eﬁc/le|H)1/2 is the cyclotron radius for the electron

in its ground state. As an immediate consequence, and in the limit where the volume

of the crystal Q}l Lx L, LZ becomes infinite, the summation over ky and kz in Eq.(29)

¥ .
can simply be transformed to an integral over kz, in accordance with the relation

+oo
¥ +-G'2);§/ dk - . (31)
k. sk ' 4T I‘C o

v’z
Substituting Eqs.(30) and (31) into £q.(29), and making use of Egs.[3) and (17),
and of the well-known identityﬁEﬂﬂ = |a|ﬁ1 5[t], the integration over kz is easily

performed, and we obtain
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1.2 2
¥ - 2 B S o o
P -2, o lE@|t 2 e 'L[f (8) - # (e + mi'ﬁ)] , (32)
Tt B l9_1 . A
c z
whare
1 hz m*wﬁ qZZ
R R e B O (33)
© 2m 'qz
° ° ¥, 0 B 1, %
f(a)—?[e%@? = f [u+ [ 5 m%]ﬂf[u+ c+§bM§
sinh [I*Z" ?{gﬁ;’]
= - - —— - - N [34]
¥
L)+ Cosh (& imﬁ]
Cosh {— + Cosh (& —=*
hBT 2 KBT
and
1 #e m*wﬁz <,
TR I o e e ) | G (25)
4 [ 2m¥ A 9, 4

At this point, we ere ip a position to complete the evaluation of F[EJ explicitly.

As wg are interested only in effects at high H which are linmear in F, we can make tha
following two approximations :

(i} For transport phenomzna linear in the electric field E, we may neglect the depen-

dsncy of wg on £ and set simply

iﬁ%ﬁ

N wE = & q . (363

in the caipulations which follow. According to Eg.(24), this requires (cE/H) << stq/qy].
This geandition is certainly well satisfied in the limit of the vanishingly esmall
electric fields with which we are concerned in this paper. Moresover, this agrees well
with the results of Kazarinov and Skobovla and of Caleokilg, whg have shown that the
non-linearities in E assaogjiated with & heating of tha slectron gas occur when

(cE/H) > s,

(2} The form of Clg) to he usgd depends upon the mode of coupling hetween the elec-
trons and asoustlo phonons. In the region of low temperatures, thé electron-phaonpn
interaction occurs essentially thrpugh two types of scattering : (i) piszoelectric
scatfering and (ii) deformation-potenmtial scattering. However, for the high magnetic
fields with which we are concerned here, the ascattering via the pilezoelectric-
coupling mechanism [|5(q}|2 = D/g, where D is the coupling constant] becomes lass
probable hecause 1t is discriminated against. This follows from the fact that in the

extrems quantum limit the wave vector of phomcns that contribute most to electraon-
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phonon scatterlng continuously increases w1th the magnetic field (g Vv 1/r =

fef H/Wo }1/2}23. Pur118 and Purl and Gebalie have confirmed experimentally (in
the case of In Sh) this predicticn. Indeed, their results show that the high-field
phonon-drag is not affected %o any appreciable degree by plazoelectric scattering.
Taking these remarks into account, we may thersfore neglect the piezoelectric mode
of scattering completely, and assume that ths electron-phonon interaction ocecurs
entirely through the usual deformatioﬁ—potential-coupling mechanism. In that case,

we havel

H C2 q

2-—
|C[q]i —m—s-

s (37)
where C 1s the deformetion-potential constent and d is the mass density of the
crystal.

Having made these approximations, it is now a simple matter to write down an expli-
cit formula for T[E} In fact, introducing spherlcal polar coordinates [q = g cosd,
and gy = g =inf, where @ is the angle between ths q direction and the direction of
the z axis), and combining Ens. (32} and [34]-[37T, we obtain the result

T(a] = I'lg, U = cos 8]
2 2
=T g u
- Alg) s _ N £38)
¥ 2 2 2 1 Ks
|U| [Cosh ( 82 + 3 ?H - £) + Cosh. [ I ? ]
2hgT 4 of B
where
1.2 2
»* 7 -=r" g
Ala) = T P T gyt 3G, (39)
2mH ds r. B
2,172 . '
9y = [2m K T /W) is the thermal de Broglie wave vector for the electrops, and
1 1 ' .
EﬁT{'—T{C—?ﬁwCJ. (40}
B
Ws can now collect factors and obtain the final gxpression for the "phonon-
trag"” contribution, Sp, of the transverse TEP. Introducing the

dimensionless integration varlable X = ﬁsq/K » and sugstituting Fus.{(4), (28], and

(38) into Eg. (3], we Obtaln, after some calculations,

K 1 KEST 3 Xmax =®D/T
2 [ﬁs J
N 0

dx x° 8P[_><] USRI (41)

whers kB/|e| = B6.2 microvolts per degree,(:k} = qumax/kB is the Debys temperaturs,
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and
I(x) =2 ' ST S NS S S A ¢ 93 D, (42)
D T2 5 T, )+ l/Tp ’

As is clsarly seen from Eqg.(42), the gquantity Ip[x) [br, Ip(q)] to which Sp is pro-
portional reflects the gfficiency of the "drag" (that is to say, the fraction of
phonon (g) - electron gollisions to all phonon (g) collisions), and hence plays a
rolg of major importance in the determination of the "phoncn-drag” TEP. It is worth
noting here that I _(gl), as given by Eg.(42), is just a suitable aversge valus of

the quantity T(;]/[T[aj+l/T ) over the phonan constant-energy surface wy = sq =

constant, defined by25

I = II
.p(q] [ g]yy (q)

45 > >

wa— cqnstant = constant

where the welghting factor for averaging, dS (%é& ' // u+!;epresem5 the effective number

of phonons in the y direction, parallel to the net’ electrlc current [|v+| is the
velaocity of sound S5 and dS is the elamapt of area aon the constant- energy surface in
g space). Actually, sines the quantity I'(§)/(T(F) + 1/TDJ can only take values bet-
ween 0 and 1, thls directly implies from Eqs.(472) and (43) that I fq] lies hetween

0 and 3, depending on the magnitude of T'(d} comparsd with l/T . IF TEqJ << 1/T .

I Eq) + 0 ; in this case, phonon momentum is transferred to the lattice with greater
Drobablllty than to the electron system, and thers is no apprecisble "phonon-drag”
contributiun of the TEP. On the other hand, if P[E] >> 1/Tp, Ip(q) + 1 ; in that ca-
s&, phonon mpmentlm iz imparted predominantly o the conduction electrons, and the
"phonon-drag" TEP takes its maximum value appropriate to the temperature under consi-

deration.

IIT. NUMERICAL RESULTS FOR Ga As

In order to have a quantitative estimate of the above theoretical results,
some numeripal calgulations have beenm carried out for the case of n-type gallium arse-~
nide with an electron concentraticn N = 1.2 x 101B cmps. The numerical values of the
physiceal paremeters for this material are : mx = 0.07 m, . where m, is the free-elsctron
mass, s = 5.24 x 105 cm/sec, d = 5.31 g/cma,ﬂan <6

= 345 K, and £ = 7.0 eV . An advanta-
ge with n-Ga As is that it is known ta be & very high-mobility material, so that the
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extreme guantum limit can easily be attained at low temperatures for relatively low

megnetic fields., In addition, because of the very small spectroscopic g-factor

(g % 0.32) of the conduction slectrons, the effsct of spin splitting can be ignored.
All the calculations have been perfarmed under the following two assumptions

(1) the elsciron concentration does not changs with the temperaturea, and [2) no magne-

tic "freeze out" of the conduction electrons Dccursa. The main results of our calcula-

tions are

(1) l__| increases very rapidly with the magnetic field in the extreme cuantum limit,

much more rapidly than the ”electron diffusion" contribution, lweL This is illustra-
ted in Fig. (1], which shows the variation of ]5 ] as a function of magnetic field

at liquid helium temperature T = 4,2 K, for two d1$Ferent phaonen relaxation t1m9527
{al l/T = Tél + Tp% + TS H where TBI = 0.60 x 10 sec™? is the boundary inverse re-
1axatlan time, TD% = Am4, with A = 0.46 x 107%% sec3, is the inverse relaxation time
for the scatftering due to isotopes, point defects, etc., and Tthz Bsza, with B =

5 x 10724 sec/deg , 1is the three-phonon inverse relaxaticn time (solid curve marked
Al, and (b)) 1/Tp = TBl {(dashed curve marked B). It is apparent from ths figure that
only the boundary scattering of phonons is impertant at 4.2 K, the other phonon-
-rglaxation processes being relatively ineffective. The plot of !SB[, the "electron-
-diffusion” TEP, as & function of Hat T = 4.2 K iz also shown on the same figure
for reference 14. As we can see, at liquid helium femperature, Sp makes the dominant
contribution to the total thermoelectric power. ALl thess features ars in general

agreament with the experimental results of Puri and Geballe in n-In SbB

(2} Boundary scattering of the phonons greastiy moedifies both the magnitude and the

variation of j5p| as a function of magnetic field. This is illustrated in Fig. (2},

whare we show the dependence of ]Sp upon H at T = 4.2 K for different values of the

-1
B »
120 x 10% sec™l. As we can ses, iS decreases very strongly with increasing T_l,

5] -
boundary-scattering inverse relaxation time T ranging from 0,10 x 10 sec 1 to

while the initial rise of the

Sp|-ver5usfH curve, at the lowar end of the magnetic-

field range, is gradually mors and more pronounced. In fact, for Tél = 0.10 x 108
sec 1, the curve of |Sp|{H] rises approximately as i with ingreasing H batween
15.6 and 23.3 kG, while for Tél = 120 x IDB aec-l, |Sp[ increases approximately as
HZIE'1 in the same magnetic-field renge. Since T-! is essentially determined by the

3
dimensions of the specimen through the relation Tél = s/L, where s is the velocity

of scund and L is a suitable boundary scettering lengthzg, the scattering of the
phonons by the boundaries of the specimen makes the "phonon-drag" TEP especially sen-
gitive to the size and shape of the specimen in the extreme guantum limit. This "size

effact”, which has besn confirmsd expsrimentally in n-type germaniung and in n-type
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InSbB, was discussed in detail by Herriﬂg4.

(3) The variation of I§p| with H varies strikingly with temperature.

This is shown in fig. (3), where ISD| is plotted as a function of magnstic fis=ld at
the temperatures 2, 3, 4.2,and 5 K. The curves of lSpi vs. H at first rise rapidly as
H is increased. an@ then tend tn saturate at higher fislds, This tendency to saturate,
which is more and more pronounced as the temperafure is decreasad, arises as a result
of the transition from deggnerate to npn-degenerate statistics, as we shall ses in

the next section. In addition, |Sp| dacreases very rapidly with decreasing T at the
lowest temperatures. This result, whigh is essentially due to the presence of the

term TS in the expression pf Sp [Eq. [41i] is glso apparent from fig. {4), which shows
the temperature dependence of |8p[ between 1 and 10 K, for differant values of the
magnetic field strength, 17.%5, 3C.and 80 kG. Accordingly, it is to be expected that,
at very low temperatures (g.g., 0.5 K), the "phonon-drag" contribution to the TEP will
become dncreasingly negligible mompared with the "elactron-diffusign" cnntribﬁtion,
|Se], which also dapreases with depregsing temperature, but much more slowly. The lat-
ter point is illustrated in fig. (5), whers we have plottsd, for comparison, the varia-
tion of I58| with H at the temperatures 0.5, 2, 3,and 5 Klq. Since the purely electro-
nic TEP, in tha extreme quantum limit, can be determined completely from the electron
concgntiration and the band structure, irrespesctively of the electran scattering para-
metersl4, an immediate oconsequense 1s that the study of the transverse TEP, in the
extreme gquantum limit and in the renge aof very low tempsratures, should be a valuashle

0
tool fr getting an additional infarmation ahout the band struciure of semiconductors3 .

(4) Unlike the trangverse (p;} and longitudipal (p,) maggetoreaistancelz, no "anoma-
. NG TTe TR 100 Vi . ‘

lous” behaviour oceurg in the variation of |Sp| with magnetic field during the transi-

tion from QEgsnerate to nqn—degenerate statiaticg. This result can be understood gquite

readily from the fact that the anomalous behaviour in the magnetoresistance is intima-
tely linked with the screening effect of ionizad impurities due *tc the onset of non-
~degeneragy in the electron distribution, as ‘the lowest n = 0 Landau level approaches

11’31. On the contrery, the "phonon-drag” TEP,

within a few times kBT of the Fermi lavel
in the extreme quantum limit, is independent of electron scattering other than that on
acoustical phomons, and thus is not affected by the pressnpe of ionized_impuritiesls
This only hplds in the casz of transverse fields, i.e., crosssd electrie and magnetic
tlelds, end follows from the fact that the current flow in the direction of the elesctric

tield is caused and moreover enhanced by the pollisions themselves.

{5) Phenon-phonan soattering modifies |Sp| at high temperatures,

scalculeted with and without phongn-phonon scatte-
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ring, is plotted as a function of temperature for three different values of magnetic
field. As we can see, the results indicate that, above about 5 K, the {(full) curves

of {Spl vs. T, paleulated with l/Tp = 0,60 x 107 + 1.35 T x4 + 8.57 73 x2 sec ! [see
the ception of Fig. (1)], depart from the (dashad) curves of ]SDI ve. T, calculatad
with l/TEj = .80 x 108 580*1 (boundary scattering only), go through a maximum value,
which shifts towerds hipgher temperatures ag the magnetic field is increased, and then
decrsase with further increase of T. Suph a behaviour, at high temperatures, is ms-
sentially controlled by the machanism of phonon-phonon scattering. Therefore, it
clearly appears that the "phonon-drag" TEP in the extreme guantum limit should praovi-
de & valuable tool for learning things about phonen-phonon interactions in semiconduc-

4’5’15. However, we must mention thet in the numerical calculation of the curves

-3
of |SD| va. T presented in Fig. [4), the electron concentration N = 1.2 x 10°° om

tors

has been taken as a constant for all temperatures. The latter point deserves care-
ful attention, because such an assumption 1s unlikely to be valid for T above 10 K.
Experimentally, Hall coefficient measurements in.the temperature rangs below 10 K

should be made in all cases.

IV. DISCUSSION

It is glear from Figs. (1), (2} and (3) that, after a large and rapic initial
rise, ths lSp[*H curves tend to saturate as the field is increased. This tendenrcy to
saturate is seen to depend strikingly on temperature [Fig. ES]]. As 1t was mentionad
above, such a behaviour 1s associated with the change in the electron distribution
which takes place as the n = 0 Landau level approaches the Fermi- level. It iz worth
nating tnat the curves of jspf vé. T, at given H, in Fig. (4), which behave 1n appro-
ximately the same way, cen alsc be understeod. on the basis of the transition fo non-
~degeneracy in the electran distribution. In order to examine this point irn mare detail,
we have made a series of drawings toc show more clearly what is happening. In Fig. (B},
we have pletted the so-called "ecritical field®, Hcr* which corresponds to the transi-
tion from degensrate to non-degenerate statistics [Eq. {2}], as a functicn of tempera-
ture between 1 and 10 K. In the caloculation, we have made the assumption that the elec-
tron concsntration, N, does not change with tempsrature in this rangeB. As we can see,
Hcr strongly depends upor temperature; the lower the temperature, the 1arger.the value
of Hcr' For example, let us confine aur attention to the case where T = 4.2 K. For
this tempsrature, Hcr v 5B.4 kG [Fig. {B]J. It is of ipterest to see the variation of
the quantity £ = (Z - =K w )/k T [Eq. (40)] as & function of magnetic field in tha
extrems quantum limit, This is shown in Fig. (7}. The reason of such an- interest is

that £ gives at once a clear indicetion, showing whether the electron gas is degene-

174



(18)

rate or non-degenerate. In fagt, £ behaves very differently in the two regions. In

u

the regiaon in which only the n 0 Landau level is occupled, but the system is still
strongly degengrate, £ is much larger than unity. With increasing magnetic field, the
gurve of £ vs, H falls sharply until the cnset of npn-degeneracy in the electron dis-
tripution ccours {£ & i, H ~ 30-40 kG) [fig. (7i]. Dhee the system has become non-
degenerate, the curve of £ shows a marked lessening of siopes, and then continues to
decresse, but rather slowly, with increesing H. Actually, throughout the non-deganerate
reglon, |E[ é 1.Let us now return te Eg. (41). It 1s clear that, as far as the magne-
tic fileld depgndence of the "phonan-drag” TEP is concerned, the guantity with which

we are especlally interested is Ip[x = ﬁaq/kBT}. Indeed, lp is the conly fector in the
expression of Sp which effectively depends on the megnetic field. As was mentioned
above, Ip[x] gives the efficiency of the "drag", that is, the fraction of phonon (g)-
electron collisiocns to all phonon (g) eollisions [%qs. (42) and [43i]. InFig. (8),

we have plotted Ipvee x &t T = 4.2 K for different values of the magnetic field in-
tensity, and for l/Tp = Tél + T;% + Tééh as in Fig, (1). For a given H, the curye of
ID‘VS- X 1s seen to risa sharply from zero (at x = 0) to & maximum (at x v D,8) of
about 0.75-0,83, and then decrsasa more or less rapidly to zero for x 3 0.8, depan-
ding criticelly on the valus pf H. In the regime of sfrong degasneracy (below 30-40 kG),
the maximum of Ip[x] at x v 0.8 increases very rapidly with increasing H,  then beoomes
gradually broader and brpader, and finally tends to steabilize around the value 0.93

as the onset of non-degeneracy is epprosched, Above this maximum, we note that Ip de-
creases siteeply to zero with increasing x. Now, in the regime of complets non-degenera-
cy (that is to say, above 30-40 kB), the entire region of the maximum of IDEXJ (say,
for x s 1.5) remains practigslly unchanged as the field is increased, while the decrea-
se of Ip to zerp, for x % 1.5, becomes glower and slower. Agcording to Egs. {472) and
(43), 1t is clear that, singe the relaxation time Tp of the phonons is assumsd to be

unaitered by the presence of tha magnetic Fialdla, the variation of I,(x) with H is

p
essepntially controlled by the field dzpendence of F{E], the phonom absporption coeffi-
ciant due to the elgctrpn-phomon intaraction [Eqs. {32]ﬁ[40£]. To see what actually

happans, we write

T(g) = H-’—q-,-‘
9 qz e

showing how T'(§} depends on § = EqL,qZ], the magnetic field H, and the temperature T.

1.2 2
Zc "L'IF"[_E} - f° (€+Hw§)| ) (44)

As before, F° is the eguilibrium Fermi~Dirac distributian function, which is defined
in £g. (17),

r? - (Ac/le|H), wy = s [:E [36}]

- - » Wy q [&d. :
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1 H2 (qz m* )2
€ =% oy v T _é—-—__ﬂﬁq.‘ qu. (33;] ,
Zm z
b4 z
1 h2 CIz S '
£+ Ky = = Hw  + <+ 4 , and the Fermi factor
q 2 "k x 1 2 Hq
2m z
EFU[E] - f°{€+b'iu)a-}:| is given by E‘:‘q. E34}:'
1 P I 1 ey
[a] - =] = . T § i ool §
f2{e} £ (€+HwaJ Sinh (2 . T] / Eosh[K T] + Cosh[z m Tz], (45}
B B B
with [Eq. (351] L .
R =
u 4 qu
- Eg? =L - > , (48]
a7

where & = (7 - -él- W )/kgT [Eq.040]], and q$ = Zm"kBT/ﬁZ is the thermal electron wave-
vector. As we can see from Egs. (44)-(46), the a, dependence of T(4) is rather compli-
catad. However, we can get a little orientation on the problem by remarking that, if
we neglact the inelasticity in the eiectron-phonon interacticn, which arises from the
flnite phonon energy, we find that F[aj increases like fqzl_l as q, + 0. The source
of this singularity is the one-dimensional nature of thes electrom:gas in the extreme
guantum limit. It is worth noting here that the divergence arising from the factor
|qzlu1 in Eq. (44] is removed owing to the term Cosh(u/kBT}, which appears in Eg.(45).
In fact, the factor ws in Eq.(48) arises from the effeot of the inelasticity in the

9,32 Because of the quFul facteor in the expression for

electron-phonon interaction
the inverse electronic phonon lifetime, most of the coniribution to F[EJ arises for
sufficiently small 4 and therefore, ws can replace dy by g in Eg.(44), With this
modification, the exponential term in Eg.(44]), which is sssentially unimportant for
simnall g, plays a major role when its argument excesds unity, that is, when g % /f/rc
No1.74 x 10° VH om or, correspondingly, when x = fisq/k T R 6.98 x 10 (VH/T,

where  1s the field in kilogeuss and T in degress. Numerically, for T = 4.2 K, this
glves x & 0.80 at M = 23.3 kG, x 3 1.25 at H = 56.4 kB, and x 2 1.76 at H - 112.3 KG.
Now, to understand completely the behaviour of T'(d}, we must examine the Fermi factor
[}°{€) - F°[€+Mwai]. According to Eg.{45]), we see that for small x {say, for x < 1],
the Fermi factor is proportional fo x. Departures from this proportionality evidently
occlrs as soon as X 5 1. To dillustrate this, we have plotted in Fig.(9) the guantity
[}°(€] - f°[€+ﬁmai],as given by Eq,(45), against x = ﬁsq/kBT, with the quantity (u/kgT)

as a paramater. In the calculation, (u/kBT} is simply taksn to be a constant as a
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function of q. and is further idantifisd with £ [see Eq.[45£l. such an assumption is
not so unreasonable, since £ essentially dominates the variation of the guantity
[u/KBT]. Uging this assumption, and with the aid of Fig.(7), we have indicated aon the
curves, for T = 4.2 K, the values of the magnetic field which correspond to the values

chosgn for the parameter (u/k.T). According to the resuylts presented in Fig.(9), and

to the abpve considerations, Se can draw, at thle point, several oconclusions regarding
the behaviour of T(3) ;

-+ *%rng
(i) For given T and H, T(g) behaves essentially like g e as a function of g.
For small g, F(E] increases linearly with g, then goes through a maximym valus for
g~ Gy = 1/Tg w1.28 x 105 Vi oem™t, or, correspandingly, for x = ﬁsq/KBT A Ky A 4,94
x 1071 (vH/T), and finally decreases exponentially for large g. Numerieally, for T =
4.2 K, we get xp ) 0.57 at H = 23.3 kG, x, % 0.88 at H = 56.4 kG, and Xy A 1,25 at
H = 112.3 kG. However, ths ppsition of this maximum can slightly be shifted towards
either larger (at H = 15.8, 18,4,and 23.3 kG, for lnstance) ar smaller {at H = 33.2 k&_
and higher) values of g {or %), as a resuli of the departures from linearity of the

Fermi factoer as a function of o (or x) Egee Fig.{8], and Egs. (45} and (46] .

(1i) For given T and g, T(J) behavas in twp different ways as a function of magnetic
field, depending on whether the electron gas is degenerate or non-degenerate. In the
region of strong degeneracy [below 30-40 kB, for T = 4.2 K), the Fermi factor, which
varies as 1/[?osh[u/KBT) + Cosh[x/zil [Eqa-[45) and (482], increases very rapidly

with increasing H [éee Fig.(8), for instancé], due to the extremsly rapid change of £
in this region [%ee Fig, [72]. Accordingly, T [Eﬁ increasses very rapidiy with H, sssen-
tially as H B~1/2 rﬂq,/ [?osh(u/k + Cosh(x/2)]. The variation with H of the maxi-
mum of F{q), at g n gy ® 1/rc, is thus very nearly me/[gesh(u/kBTJ+Cosh(xm/2i]. Here,
the factor H arises from the density of states which increases linearly with magnetic
field in the extreme guantum limit. It is worth noting that, as H increases, the

Fermi energy ¢ alsp ipcreasses. In fact, ¢ strongly depends on magnetic field in the
gxtreme quantum 1imith’33. In Fig.(10), we have plotted the variation of ¢ as a func-
tion of H for n-Ga As with N = 1.2 x 1018 cm_3 electrons at T = 4.2 K. Evidently, sin-
ce § increases with H, the effective average g of the phonon modes to which the slec-
trons deliver thelr grystal momerntum also incresses. This excitation of larger g va-
lues ean clearly be sean in Fig.(8). The behavicur of T[E) as a function of H radical-
ly changas as the system begomes nan-degenarate (that is, abave 30-40 kG for T = 4.2 K.
This is essentially due to the fact that the Fermi factor is a slowly verying function
of H in this region [}ee Fig.(8), for instanc%]. Specifically, such a result clearly

arises because of the rather slow variation of £ with H [éee Fig.(7£], cnce the system

177




(21)

has become non-degenerate., For £ = 0, i.e., for H = Hcr n5B.4 KB et T = 4.2 K, the
Fermi factor goes through a maximum value, and then begins to decrease progressively
for H > Hcr' It is precisely this decrsase aof the Fermi factor in the re%ign of non-
~degeneracy which counteracts the =ffect of increase of the factor H e TcH /2, and
thus gives rise fto a saturation of F(E]. Evidently, this saturation is more pronounced
for the small values of g, sspecially for g Iy G, © 1/rC, which corresponds to the ma-
ximum of F(EJ. For the sake of illustration, and in order to show all the featurss we
have Jjust obtained hefore, we have plotted in Fig. (11), for the temperature T = 4.2 K,

the quantity defined by

ds - - - ds > -+
Flx=Hsa/k_T) = v (v) Tl / — (v>)  [y)
R FURC R o] Gy ay

q q

wa= constant mg= constant

1
3
= = du (1 - u2] Fix,u ) . (471
0

where the notations are the same as in Egs. (38)-(43). Tix) is nothing else but a
suitable average wvalue of T[g] over the phonon constant—energy'sur¥ace wg = s8Q =
constantZS [SBB Egs. {421 and [43}]. The variation of Ip[x] with both x apd H [see

Fig. EB]]oan ba deduced from the above considerations and frem the results presented

in Fig. (11), and in consequence the behaviour of the "phonon-drag"” TEP, |Sp , as a

function of H [Figs. [1}-[3]] can be understood.

(1ii) The effect of temperature on F{a) cen also be umgegstood. As we have said before,
-rfg*/2
) .

for given T and H, Fig) behaves sssentlally like g e This function exhi-

bits & marked maximum at x = # sq/kgT o X 4,94 x 107 AT Accordingly, for

.
a fixed H, increasing T shifts the maximum of F'lg) towards smaller and smaller values
of x {ar g), and vice versa, For example, for H = 17.5 kG, we have X v1.03 at T o=

2K, xon 0.69 at T = 3K, X Ay 0041 at T = 5 K, and X o 0.26 ab T = 8 K. On the
other hand, for a fixed H, it is clear from Eqs. (44)-(46) that the magnitude of the
maximum of F(E] &8s a function of temperaturs is essentially controlled by the guantity
X / Eiosh[u/kBT] + Cosh[xm/Z)]. Two cases have ta be considered, depending upon whether
the system is degensrate or non-degererats. To sse what actually happens, we have
plotted in Fig. (12} the variation of the guantity & = (g - —%—HwC]/kBT [Fq. (40)] a= a
function of T in the extreme guantum limit, Ffor both H = 17.5 kG {degensrate regime)

and H = B0 kG (non-degenerate regime). As we can ses, for H = 17.5 kG, £ is large as
compared to unity and dscreases rapidly with increasing T. On the contrary, for H =

80 kG, E'is small and decreases very slowly with increass of T, Evidently,such a dif-
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ference in the variation of £ as & function of 7 leads to a different behaviour of the
quantity (u/k T? [Eq. (48]]. Howgver, it is difficult tp know accurately this quantity
[u/KBTJ, because of tha presence of the factor [q /A Emw+/Hq ) ] / qT , which plays a
role of increasing importance as the temperature is lawared TD get a definite answer,
we have carried aut a numerical salculation pf T'( hsq/K T}, as given in Eg. (47},
for tha two valuss of the magnetic field H = 17.5 kG and H = 80 kG, and far different
values of temperature. This is shown in Fig. (13j. As we can ses, for H = 17.5 kG, the
maximum of (%) 1s nearly independent of T, whereas, for H = 80 kG, it roughly
decreases as T_l. By taking into account the preceeding consideraticns and the results
presented in Fig, (13), the temperaturs dependsence of the "phoncn-drag" TEP [See

Eas. [41) and (42)], 8gl. can be understood [Figs. (3) anc (41].
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Figure (1)

Figuras {2)

Figure (3)

Figure (4]

Figure {(5)
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FIGURE CAPTIONS

"Phancn-drag” TEP (curves A and B), ESD|, as a function of magnetic fisld
H for n-type Ga As with N = 1.2 x 1018 om™3 glectrons at T = 4.7 K. Curve

A is calculated, assuming2 : l/Tp #'Tél * T;% + Té;h’ where Tél = 0.80 x
108 ‘sec#-1 ie the boundary inverse relaxation time, T&% =AY with A =

.48 x lD_%4 Seca is fhe inverse relaxation time for the scattering due
to isotopes, peint defects, ete., and Té;h = BwlT® with B = 5 x 10722
sec/deg3 is the three-phonon inverse relaxation time. Curve B is calcula-
ted, assuming 1/Tp = Tél = 0.60 x 105 sec_l. The "electron-diffusion” TEP,
|sg|> as @ function of H %or n-typs Ga As with N = 1.2 x 1038 am™3 gilec-
trons at T = 4.2 K is shown for refarsnce

14
field (X B6.4 kG) at which the bottom of the h =0 Landay band coincides

. The two arrows indicate the

with the Fermi level.

Plot of [Sp| ageinst magnetic field for n-typs Ga As with N = 1,2 x 1070°
em™3 electrons et T = 4.2 K, and for different values of the phonon rela-
xation time /1p = vt = 0.10 x 16%, 0.60 x 10°, 1,20 x 10%, 12 x 0P,
and 120 x 1D6 sec“l. The arrows indicate the field (% 56.4 kG) at which

the bottom of the n = 0 Landau band coincides with the Fermi lsvel.

, as a fungtion of magnetic figid Hat T = 2, 3,

"Phamon-drag" TEP, [BD

4.2,and 5 K. The curves are calculated, assuming l/Tp = Tél + Tg% + Tééh’
. -1 -1 -1 , L .
with 5 Tpt,and TBph as in Fig.(1]. The arrows indicate the fields at

which the bottom of the n = 0 Landau band coincides with the Fermi leval.

Flot of ISDI against tasmperature for n-type Ga As with N = 1.2 x 1815 am™3
electrons, end for H = 17.5, 30, and 80 kG. The solid curves are for l/Tp=

-1 -1, -1 : ~-1 -1 -1
B + Tpt TSph » with TB , Tpt 3ph

curves are for 1/T_ = T.1i.
p B

T ,and T as in Fig.(1), while the broksan

"Electron-diffusion” TEP, fSel, as a functlon of megnetic field H for
n-type Ga As with N = 1.2 x 1016 cm_3 alectrons at the temperatures 0.5,
2, 3,and 5 K. Tha curves are calculated from the results of Ref.(14),

not taking account of spin splitting (g-factor = 0).
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Figure (6)

Figure (7)

Figure (8)

Figurs (9)

Figure (10) :

Figure (11) :

Figure [12] :

(273

Plot of the "ecritical field”, H against temperature for n-type Ga As

or’
with N = 1.2 x 1015 cm_B alactrons. The curve is calculated under the
assumption that the electron concentration does not change with tempera-

ture5

Plot of £ = (g - % Hmc)/kBT against megnstic field in the extreme quan-
tum limit for n-type Ga As with N = 1.2 x 1015 cm”3 electrons at T =

4.2 K.

The efficiency of the "drag", Ip, as a function of x = Hwa/kBT for dif-

ferent valuess of the magnetic field strength, and at a temperature of

4.2 K. The curvas are calculated, assuming 1/Tp = Tél + T;i + T;éh ,
, -1 -1 -1 \ . X
with Ty Tpt,and TBph as in the caption of Fig.(1).

Plot of the Fermi factor [%°[E] - FO[E+ﬁwa£], as given by Eg.(45%),
against x = ﬁwa/kBT{ for different valuss of the quantity {u/kBT]. The
caelculation is performed assuming that (u/kBT} is a constant as & func-
tion of x, and can further be identified with & [Eq.[4D£]. In this res-
pect, we have indiceated, for T = 4.2 K, the valuss of ths magnetic field

which cerrespond to the values chosen for the guantity [u/KBT}.

Plot of the Fermi level, T = KBTF‘ as a function of magnetic field H in
the extrems guentum limit for n-Ga As with N = 1.2 x lD;S Dm_3 elactrons,
and at T = 4,2 K. The arrow indicates the field [% 56.4 kB) at which the

bottom of the n = 0 Landau level coincides with the Fermi energy.

The inverse electronic phonon iifetime Tix = Hma/kBT, H} according te

£g.047), as a function of x, for different values of the magnetic field

- -1 -1 -1 \ -1 -1
sfrength, and at T 4.2 K, E/TE:I = Tgt t Tpt + T3ph , with Ty s Tpt,and
TBéh a2 in the eaption of Fig.(1), is also shown at 7 = 4.2 K for rafa-
rence (broken curvel.

Plot of £ = (¢ - % ch)/KBT against temperature in the extreme quantum
limit for n-type Ga As with N = 1.2 x lDlB r:m—3 glectrons, end for two
different values of the magnetic field, H = 17.5 kG and # = 80 kG. The

gffect of spin splitting is ignored in the calculation.
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Figure (13)

(28)

The inverse elactronic phonon lifetime [{x = HME/KBT‘ T} according to
Eq.(473, as & function of x, for different values of the temperature,
and for two different values of the magnetic field, H = 17.5 kG (dege-

nerate regime) and H = 80 kG (non-degenerate regimel.
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ANCMALOUS BEHAVIOR DF THE LOW-TEMRERATURE NERNST-ETTINGSHAUSEN
CORFFICIENT OF SEMICONDUCTCORS IN STRONG MAGNETIC FIELDS

J.P. Jay-Gerin

(Centre de Recherches sur les Trés Basses Températures, L.N.R.S.,

B.P. 168, Centre de Tri 38042, Grenoble-Cédex, France).

Physics Letters 41A, 7 (28 August 19723},

ABSTRACT

We show that the transitionio nondesgeneracy induced in a semiconductor at
very low temperatures by a sufficiently strong magnetic field should give rise to an

anomalous behavior of the Nerpst-Ettingshausen coefficient.

It has bear shown by Asksnazy 2t al. (1) that a sample of n -~ type Bellium
Arsenide with N = 3.8 x 1038 cm_3 elactrons at the temperature T = 2 K shows a giant
peak in both longitudinal (QUJ and transverse [QL] magnetoresistivity starting at "
50 kG, reaching a maximum at &% 100 kG, and decrezasing again to a relatively small and
slowly verying value by abgut 150 kG, This bshavicr characterizes the transition from
degensrate to non-degenerate statistics which takes place when the bottom of the
lowest [andau level is driven through the Fermi level.

Recently, the present author (2) has developed a calculation of the thermo-
electric power (TEP) of an isotropic semiconductor (GaAs) in the extreme guantum 1i-
mit when all the carriers are losalized in the ground oscilletor state with the guan-
tum number h = 0. GaAs was chosen bgecayse of its very small spectroscopic g - factor
(g & 0.32), so that Zeeman splitting could be ignored. As a function of magnetic field,
tha TEP was found to vary monotonically, and no particular effect was expected to oc-
cur at the transition to nondegeneracy. Follewing the limes of this previous work, it
is easy to extend the calculation to obtein the Nernst-Ettingshausen (NE) coefficient.
The aim of this letter is to show that, unlike the TEP, thzs NE coefficient should be
capable of giving clear evidence of the change in the electron distribution manifes-
ted in (1).

Let us consider a gemiconductor (GaAs) with a simple parabolic band of ef-
fective mass m* » This adeguately describes the situation at sufficilently smell car-

-
rier concentrations. Let & strong magretic field H = (0,0,H) be along the z axis. We
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assume that we ars in the extreme guantum limit with all the elsctrons leocalized in
the lowsst Landau level n =0, and that w,T >> 1, whers w_ = |e|H/mXc is the cyclo-
tron frequency and 1 is the electron relaxation time. We discuss the transport pheno-
mena in the presence of a vanishingly small electric field [ (E,3,0} in the direc-
tion of the x axis, essuming the tamperature gradient to be always zerc (w-approach
method te thermeelectrie and thermomagnetic problems (3)). The procedure is to cal-
culate the heat current density ﬁ due to the presence of E under isothermal condi-
tions. The Peltier coefficient m is then given by the equation ﬁ = ﬂ.g; whars 3 is
the electric current density defined by 3 = G.E (g = 0"1]. Now, because of the strong
electron-phonon interaction, U must be considsred as a sum of twe contributions : U;,
the usual electronic diffusion part and J-,'the phonon-drag" part. As is well known
(4), however, G; is greatly predominant over U; at very low temperatures and in high
magnetic fields. Accordingly., the thermomagnetic guantities we are concerned with
in this letter, namely the TEP and the NE coefficilent, can essentially be obtain
from J; alone. Consideration of the electronic motiorn in crossed slectric [E A Ox)
and magnetic F # Dz) fields shows that elsctrons drift aleng the y directicn with
the Hall vsloeity (-cC€/H). This electron flow drags phonons with itself, and thus
induces the Peltier heat [ﬂ;]y. Now, using the well-known phenomsnological transport
equations (5) with the Onsager relations. of irreversible thermodynamics and with the
above observations, the NE coefficient is writien as [wCT $>1]'
n 1 [Up]y .
ANE[H) NET E pxx{H] (1)

with the TEP (2,4)

S () 2;% BY o ), (2)

where pxx[H} and Qxy(H) are the elements of thes magnatoresistivity tensor, given by
{6,7)]

o] g
XX .
o [H) =op, = a N2> lo_ | > |o_| (3)
X 1 02 . 42 O2 Xy XX :
XX Xy Xy
0 (HJR‘:w—l—=——’i~ A = (0,0,H) (4)
Xy o NBC, LR ] .

Putting Egq.(2} into (1), and using Egs.(3) and (4], we get

~ _ Nec )
AelH) = = =2 S0 py (5)

i - 200




where N is the total numher of carriers per urit volums, & thelr charge (2<0 for =lec-

trons, e»0 for holes), c is the velocity of light, and QL iz the transverse magneto-

resistivity. Thus, acoording to Eqg. (5}, ANEEH] should show an ancmalous behavior,

similar to thet of PL. as a function of magnetic field at the transition to non-

degeneracy when the botfom of the n = 0 Landau level is pushed through the Fermi level.
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APPENDICE A

CALCUL DE L'ENERGIE LIBRE DE HELMHOLTZ D'UN GAZ D'ELECTRONS "LIBRES”
EN REGIME EXTREME QUANTIQUE

Soit un systémz de N électrons libres se déplagant sans intaractions nota-
bles dans une enceinte de volume 1rhonné {on prendra $= 1) et obéissant 3 la sta-
tistique de Fermi-Dirac. Dans le cadrz de 1l'ensemble canonigue gé&néralisé, 1'énergie
libre de Helmholtz (ou, simplemsnt, énergie libre} d'un tsl systEme est donnée par

(voir, par exampla, Peierls 1855, Ziman 1865 et Zeiger et Pratt 1873)

- (e «CJ/RBT
F=N§*KTZLDg{1+e o } A-1)
B 4

nl la sommation porte sur tous les états guantiques 3 un électron @ d'énergie €0

g est 1l'énergie de Fermi, T 1la températura et k. la constante de Boltzmann.

B
En termes de la densité d'états & un électran,gadiel, correspondant 3 la

direction de spin d. on obtient :

F e ND - kT Zﬁg{el Log{l + e“(E"CWBT}de . (A-2)
a

&n intégrant par parties, 1'éguation [(A-2) peut &tre réécrite sous la forme ;

F = NG - ng—c{e} £le) de , (A-3)
L

£
Z»G[a] =L .@0[51 de (A-4)

et

f(g) = [A-5)

1
e[€~C]/KBT s 1
est 1a fonction de distribution de FermimDirac, qui exprime la probabilité d'oceoupa-
tion d'un état d'énergie donnée £. Comme 1'indigue clairement 1'expression (A-3),
le calcul de F se réduit dono essentiellemsnt & la détermination de la Fonctioné§6[al.
A trts besses températures st en présence d'un champ magnétique suffisamment intense,
tous les &lectrons se cencentrent sur ls niveau de Landau fondamsntal n = 0 (volr
shapitre I). Pour une bande d'&nergie paraboligue (&lectrons "libres") de masse af-
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fective m”, on a, en régime extréme guantigue,







22

E=%ﬁwC+Hki—%guadH : B = (0,0,H)
2m
2
R .HZKZ . | (A-6]
2 o me
ol w, © lel H est la fréguencs cyclotron, g le facteur de Landé des &lectrons,
m e HB = g%:a le magnéton de Bohr, v = g(m*/ZmoJ, m, la masse de 1'élec-

tron libre et o = #].

Les densités d'états des deux spins sont donnges par (voir chapitre I)

* - 1/2

1 1 2m”.3/2 1

I (e) = = Hw_ (=) [e - = Ko (1 - ch]] , (A-7)
o (2ﬂ]2 2 o H2 2 ol

de sorte gue

5—0{81 ﬁf@o(e)da

® 1/2
- “'"}’“E Huo t%LJS/z [e - % ﬁmctl-Yo‘J]. (A-8)
(21) © K

L'expression (A-3], campte-tenu des éguations (A-3), (A-B) et (A-8), peut maintenant

s'écrire
1 om* . 3/2 3/2 « [© <2 ux
FIH) = NG -~ Hu_(55-) (kgT) ¥ ET T ' (A-9)
(2m) # : gdo e X500 4 1

si on pose :

.[e - % chfl—yc)]
X = [(A-10)
kBT

et

- 5 hwcfl—vcl]

D'zprés la définitiom de 1'intégrale de Fermi-Dirac d'opdrs j (Stoner 1936,
Mc Dougall et Stpner 1837 et Blaskemore 19G62)

_ 1 * xj dx
5¢j[£] ) P(j+1)'L CE (A-12)
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oll T{x) symbelise la foncticn gamma,

nous avons immédiatement

o 172
‘/; ;bf—_ggjif—l- -1 L - 2/—7? F &) (A-13)
et
1 2m”*.3/2 3/2
T =N g e (55 kD™ s, (A-14)
aveo

5, = LF, .5
AV

On peut domner une expression plus compacte de F(H), en explicifant la condition

qui permet de définir 1'énergie de Fermi I, & savoir :

Z[Q (e) £le) de , (A~15)
soit, compte-tenu des équaticns (A-53, (A-8), (A-7), (A-=10) et {(A-11),
X ® -1/2
N = ——1~—2 %ﬁmctzﬂz—la/szBT)l/z Zf (—ngm—]wf—i?i : (A-15)
(zm) iy a e G+l .
Comme
w  -1/2 ' ‘
X dx 1
XX Lt F L ) = TF L, (A-17)
j[: SOCET T 2" V-2 ~1/2°°0
on obtient
1 2m 3/2 172
N = e Aw (=] [k T) S. (A-18)
8ﬂ3/2 o ﬁ2 A 1
ol 8, = gﬁ_m{ag] . (A-19)

Finalement, sn combinant les relations (A-14) et {A-18), on peut réécrire F{H) sous
la forme :
3

5
FOH) = N{g - KBT §1& . (A-20)
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APFENDICE B

CHALEUR SPECIFIQUE ET RESISTIVITE
DE L'ANTIMONIURE DE GALLTUM DE TYFE p
ENTRE 0.3 ET 4 K

UNE ETUDE EXPERIMENTALE
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Short Notes K83

phys. stat. sol. (b} 80, K83 {1973)

Subject classification: 8 and 14.3; 22.2.3
)

1
Centre de Recherches sur les Trés Basses Températures, C.N.R.8., Grenoble

The Specific Heat and Resistivity of p-Type Gallium Antimonide between0,3and 4 K

By
M. SAINT PAUL, J.P, JAY—GERIN, and A, BRIGGS

Recently Cetas et al, (1) have reported specific-heat measurements on gallium
antimonide {GaSb) between 1 and 30 K. In order to explain the lowest-temperature
data, a term linear in the temperature (alT), which was supposed to reflect an
electronic contribution to the specific heat, had to be included in the analysis of
the results. A calculation using a free-electron model for the conduction carriers
present at low temperatures shows that in this specimen a carrier concentration
of about 5)(1017 cm_3 at 4 K is required to account for the reported value of a,.
Such a carrier concentration is at least a thousand times greater than that expected
for an undoped specimen of GaSh containing = 1017 cmH3 carriers at room temper-
ature,

In an atiempt to determine whether the contribution to the specific heat linear
in temperature is indeed electronic in origin, we have measured the specific heat
of a specimen of GaSb hetween 0,3 and 4 K, the Hall coefffcient between 4 and 300 K,
and the electrical resistivity between 0.3 and 300 K. '

The specific heat was measured in a recirculating 3He cryostat by a pulse tech-
nigue, which has been deseribed in detail elsewhere (2, 3). Temperatures were mea-
sured by a germanium thermometer calibrated using a cerium magnesium nitrate
magnetic thermometer, which in turn was calibrated between 1 and 4 K against the

)

4
He vapour pressure scales. The GaSbh single crysta12 weighed

T 9 dHe and T
-3

6 88
10,396 g, and at 300 K was p-type with a carrier concentration of 2){1017 cm
The measured specific heat is shown in ¥ig. 1 where C/T is plotted against TZ. The

specific heat of GaSb could be fitted, within the accuracy of the experiment, by an

1y B.P, 166, Centre de Tri, 38042 Grenoble-Cedex, France.

2) The GaSh crystal was kindly supplied by Miss A.M. Poujade of the Centre d’Etudes
d’ Electronique des Solides, Faculté des Sciences, Monipellier, France,
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Fig. 1. The measured specific heat C

divided by the temperature T as a func-

tion of T2, The straight line has been ob- 5

tained from the expression C/T =a_ 1 a_T,
. - 3

with a_ and a? determined by a

1 ;
least-squares analysis

) -

FimiiKey atom

I
L

2 1.94436x109
A, b

1 73 1 3

8,

TZ(},lJ/K2 g-atom) ,

Values of ay and 80 (Dehye temperature at ¢ K) were obtained in the usual way

by a least~squares fit of a straight line to the experimental data. The values of 2y and
90 so determined were (3 + Z)MJ/K2 g-atom and (267 + 3)K, respectively.

The electrical resistivity p and the Hall coefficient RH (= 1/Ne) of a GaSb
specimen cut from one end of the specific-heat specimen were measured between
4 and 300 K, using a six-probe technique, The variations with temperature of the
carrier concentration N and the resistivity g of the specimen are shown in Fig. 2,
The shape of the curves clearly indicates that in the low-temperature region there
are two competing conduction processes: ordinary valence band conduction which
di sappears, and impurity conduction which dominates, as the temperature is re-
duced. Measurements hy Amirkhanov and Amirkanova {4) down to 2 K, and more
recently by Matveenko et al. (5) down to 0,1 K, showed no further noticeable change
in the temperature dependence of both the electrical resistivity and the Hall coef-
ficient below 4 K. Nevertheless, the resistivity measurements were extended to
0.3 K in order to verify that no anomalous effects occurred in our material, In the
temperature range of interest for the specific-heat measurements, the specimen
contained a net hole concentration of about 4x1015 cm_3 (see Fig. 2).

The value of 90 agrees well with the value of (270 + 2)K obtained by (1), but

the value we estimate for ay is considerably lower. However, in a recent paper (8},
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Fig., 2. The carrier concentration N(e)

and the electrical resistivity p(x)as a A e N 1’
function of temperature T ; \'““’\( ¢
100 gl
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Holste has carefully reanalyzed the heat-capacity data reported in (1), and published

corrected values for the quantities a_ and 80, which have been calculated using a

1
modified temperature scale for the region 1 to 30 K. The most dramatic effect of
the use of this temperature scale was to reduce appreciably the previous value of
2, (by approximately a factor of 3). The new value of al((2. 1+0. S)pJ/K2 g-atom)
is in good agreement with the present value which is referred principally to the
T62 SHe temperature scale. The recalculated value of 90 {(268.8 + 0.5)K}, however,
is changed little from its previous value.

If only an electronic contribution to the specific heat exists, a = y where y is
the coefficient of the electronic specific heat. The measured value of ay has been
compared with the value of } calculated for a degenerate Fermi gas of holes in a

parabolic valence band (7), using the following expression:

*x
m 1/3 A
3‘ =2 m N d '’ {2)
o
a/3 2 2/3 2 -6 2 92 ,
where a = (% / kB mo)/(S /3f1 ) =1.622x10 WJI/K em”, kB ig Bolizmannh’s con~

stant, m is the free-electron mass, m* is the dengity-~of-states effective mass of
the carriers, N is the carrier concentration, and A (=95.47 g) and d (= 5,62 g/cms)
are the atomic weight and the density of the material, respectively. This assumes
that (i} for a pure GaSh crystal the valence band is parabolic and (ii) the addition of
impurities to the crystal does not appreciably affect this parabolicity. Furthermore,
taking into account the precision of the experiment, and in particular the precision

of the determination of the carrier concentration below 4 K, the contributions of the
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split-off valence band and of the light-mags valence band have been neglected. Tt

has algo been assumed that the carrier concentration does not change significantly
below 4 K (4, §). Then, the value of the coefficient ¥ calculated, using equation (2),
for the heavy- mass valence band with a density-of-states effective mass m” = 0.50 m
{8)yis 2.2 pJ/K g-atom, which is in good agreement with the measured value (a ).
Thus, the present measurements indicate that the term linear in T observed in the

specific heat of GaSh at low temperatures ig electronic in origin.
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APPENDICE C

CALCUL DES NIVEAUX D'ENERGIE 1'UNF PARTICULE "LIBRE"
EN PRESENCE D'UN CHAMP MAGNETIQUE FT D'UN CHAMP ELECTRIQUE CONSTANTS CROTSES

LJaEmiltonien d'una particule de masse m*, de charge e (e<D ou >0, s'il
s'agit d'un &lectron ou &'un trou), doude da spin %—et plongée dans un champ magns-
-5
tigue uniforme constant H = [0,0.H) et dans un champ électrique uniforme constant

.
F = (E,D,0}, s'éerit

-+ >
*eoox B
2m

> > >
12 - R - (C-1)

> >
ol p = (px, P pZ] est 1'impulsion de la particule, A le potentiel veeteur du champ

. L ¥ - N . > A > -
magnétique au point r = (x,y,z) al se trouve la particule (H = rot A), 1 le moment
magnétigue propre de la particule et c 1 vitesse de la lumiére.
- -
En gé&néral, p ne commute pas avec A, qui est fonction des coordonnées.

>
Cependant, 1a régle de commutation de 1'opérateur d’'impulsion et A, 2 savoir

Ty
|
=}
T+
i}
1
o
=
o
[
<
T

>
p (C-2)

EY >

nous enseigne gus p et A peuvent avoir simultanément des valeurs détermindes si
-+ >
div A = 0. TI1 est commode ici de choleir le potentiel vecteur du champ uniforme H

(dirigé parell@lement & 1'axe des z) sous la forme

A =0, A =Hx, A =20, (C-3)
X Y% z

gui satisfait automatiquement la condition div A = O (jauge de Landau).
L%miltonienx devient alors

S e o 42 21 _ B} -
‘jﬂo = o [Dx + [py = x)7 o+ pz] eEx UZH , (C-4)

ol uz est la projection du moment magnétigue propre de la particule suivant le champ,

donnée par

g u Hao, {C-5)
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ol g est le facteur de Lendé, Hg le magnaton de Bohr et ¢ = *1 gorrespond aux deux
valeurs ‘possibles de la projection du spin sur 1'axes des z.
—
Soit ¥(x,y,z;0) la fonction d'onde de la particule au point r avec le spin

0. L'équation de Schridinger
gﬁo ¥ix,y,z30) = E ¥{x,y,z;0)
pour les valeurs propres de j@ s'écrit

1 2 eH 2 2 ~ 1 - B
% [DX + [py - x]7 + pz] Y eEx¥ §guB Hot = EY . (C-B)

Puisque uz gommute aveo Eﬂa, Bt que le coefficient de u, dans {C-4) est une constan-
te indépendante des coordonngas, il en résulte gue M se conserve et gue dans 1'é-
gquation de Sehrédinger (C-B8) les variables orbitales et da spin se séparent.

¥ix,y,z;0) peut donc se mettre sous la forme
Yix,y,2z:0) =y (x,y,2).x(0) , (C-7)

produit d'une fonetion de coordonnées ) (x,y,2z) par une foncticn de spin x(o).

On remargue &galement gque éﬁa ne contient pas explicitement les coordonnées
y et z. D&s lors, les apérateurs Dy et p, commutent avec 9%%, c'est-&-dire que les
composantes en v et z de 1'impulsion 3 se conservent. Nous pouvons par suite charcher
la fonction orbitale ¢ (x,y,z) sous la forme

i
=lp,yrp z]
oy, =ceh T @ (C-8)

ol G est un facteur normalisant gue nous définirons plus bas. En substiteant (C-7)

et (C-8) dans 1'équation {C-5!, on obtlient l1'éguation suivante pour la fonctimn()[x]:

2 X 2
d 2(x] + gg—- E = %—guBHU - +oelbx
dx W ' 2m
1 x,cE\2 m ,eH .2 3
_'E m fg"] - ’*2— E—X—J (x - XO]]®(X] =. o, [C—Q]
m o
ol 1'on a introduit la notation
_C % cf -
Xo T Th [Dy +om i ) . (C-10}

11 est facile de voir que 1’égquation (C-8) cofncide formellement avec 1'équation de
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Schridinger pour un oscillateur linéaire oscillant avec la fréquence

w - el (C-11)
C X
m c

autour du point x = x_. Ceci étant, on en déduit aussitBt gue la constante

Z
1 z 1 = cE.2
E + Pl g]JBHU ;—r;; + BEX0 5 m [H_] .

~ . . . 1
jouant le rdle de 1'énergie de 1'oseillateur, peut prendre les valeurs {n + EJ Hwe,
les n étant des entiers 2 0. Les nivsaux d'&nergie de la particule en champs magné-

tigue et électrigue uniformes constants croisés sont donc donnés par l'expression

2
p
- 1 z 1 B 1 x cE.2 -
E[n,py,pz,ﬁ] = (n+ §J ﬁwc + o 5 gUBHU eExo[py] * o [R—J . fC-123

L'énergie représentée par les troils premiers termes dans (c-121,

e h e v B2
z c ZmX

champ &lectrique (E = 0) {voir chapitre I). Le terme ~eEx0(Ey] dans (C-12) représen-

-1 gUgHo, correspond & 1'énergie de la particule en 1'asbsence de
2 B P

ts 1'énergie potentielle moyenne de la particuls dans le champ électrigue E diripe
X EE]Z

¥ ,
1'énergie cinétique associée au mouvement de la particule suivant la directian y. En

le long de 1'axe des x. Enfin, le dernier terme dans (C-12), %-m correspond &

effet, ce terme est relié directement au résultat de la mécaniaue classique, & saveoir
> >

qu'une particule en présence de champs magnétique (H # 0z) et électricue (B 4 Ox).

uniformes constants croisés se déplace, en moyenne, suivant la dirsction Yy avec une

vitesse d’entrainement égale & la vitesse de Hall f- %E}.
Les fonctions d’onde Wn oD [?;U] correspondantes de gk% sont égales &
sPysPz
- >
Y (r;c) = (rl.ylo)
ﬂ,Dy,DZ wﬂ,py:pz X
i
7l yrp, 2]
z
= C EH Y & [} - xo(pyjj.xEOJ s (C-13)
n

od ¢n[x - xo[py]] est la fonction d'onde normalisés pour un cscillateur harmonigue
a une dimension de fréguence wc dans son n iéme €état excité et oscillant autour du
point x = xn(py), et x(o = 11) décrit les deux fonctions de spin correspondant &
"spin-up” et "spin-down” le long de la dirsction z. lLa constante de normalisation e,
qui apparait dans (C-13), peut &tre obtenue en écrivant que la particule reste con-
fingée dans une bolte parallélépipédigue da volume P L>< Ly LZ. Far suite, on doit
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