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B ocnosnom 30HHGs cmpykmypa mamepuanos, 6 mom 4ucie mepMoINeKmpUdeckux, U Mexanusmol
paccesinusi Hocumenell 3apsiod 6 HUX UYYAIOMCS NPEeUMyWeCmEeHHO NOCPeOCmeom Ihdexmos
Oe-T'aaza — san-Anvpena u de-l'aaza — [llybrnuxoea. OOHako vlOeUMb OCYULIAYUU MACHUMHOU
socnpuuMuueocmu, u, mem Ooiee, NPOBOOUMOCHU, U3 UX 00Well 3A8UCUMOCTU 0Nl MACHUMHO2O
nons ciodcHo. B mo sce spems ocyunnsiyuu mepmoI/]C mooicno nabmooams Henocpedcmsento. B
cuny smoeo ocywiisiyuu mepmoIJ[C 6 keanmyroujem MAcHUMHOM NOJEe MOICHO PACCMAMPUBANb
KaK OONOIHUMeENbHOe USMEPUMeNbHoe CPeOCmEo OJisi U3VYEeHUsl 30HHOU CIMPYKIYpbl MAMeEPUuaios, 8
MOM YUCTIe MEPMOINEKMPUHECKUX, U MEXAHUIMOS8 PACCessHusl Hocumenell 3apsda 8 Hux. B dannom
00KIIade PaAcCMampueaemcst GIUsHUEe IPHeKmos Cioucmocmu u 3aps008020 YNOPSAOOHEHUS HA
mepmo/C mepmosnekmpuueckux mMamepuanos 8 KeaHmylouem MmacHumHom noie. Dpgexmuol
CTIOUCTOCIU  VYUMBIBAIOMCSL  NOCPEOCBOM  MO20, YMO IHEPLeMUHECKUll 30HHbIL  CHEKmp
mMamepuana ONUCHIBAEMCSE  NPUOTUNCEHUEM  dPHEKMUsHOU MAccbl 8 NIOCKOCMU  Cloed U
NpUOIUINICEHUEM CUTbHOU C653U 6 HANpAGIeHUY, NepneHOuKyaapHom croam. Keanmywowee
MazcHUmMHOe noje U padueHm memMnepamypsvl peonondzaiomcst HanpPaGIeHHbIMU NePREHOUKVISPHO
CNoAM. 3apsa0o6oe Ynopsaoouenue CHumaemcss MexCcCioesblM U paccmMampueaemcs Kaxk npocmoe
uepedosanue cloes ¢ PaIUdHOU INIEeKMPOHHOL NiomHocmblo. Pacuemvl nposodsmcs 6 pamxax
Kunemuueckoeo ypasnenus borvymana 6 npudnusicenuu nocmosannoz2o epemenu peraxcayuu. B xode
pacuemos noKasaHo, Ymo CLOUCmas Cmpykmypa oagice 6 Ciydae 3aMKHymulx nosepxrnocmeti Qepmu
(I1®) npusooum k sozpacmaruro amnaumyost ocyuiiayu mepmoIC u 3anazoviéanuro ux gazvl 6
cpasHenuu ¢ npubnudicenuem 3Q@hekmugrol maccel. B mo dice 6pems Ha MAKCUMym GeiuyuHbl
mepmod/{C 6 keammyrouem MacHumMHoOM noie 3@gexmvl croucmocmu npu 3amkHymolx 11©
enusom ciabo u nPuGOOsIM IUlb K He3HAYUMENbHOMY COBUZY IMO20 MAKCUMYMA 8 obnacme bonee
CNAObIX MAHUMHLIX NONel. Bausnue mesiccioe6oeo 3apsioo6020 YNOPAOOYEHUsi NPOABTAEMCS 6
0gosaronepuoouyeckoll cmpykmype ocyunnayuil. mepmoIC 6 KEa3UKIACCUYECKUX MASHUMHbBIX
noNAX U MHO2OKDEAMHOM NEPEKNIOYeHUU UX RNONAPHOCMU 6 0ojlee CUNbHBbIX Nnoaax. Omu
NePEeKNIOYeHUs. CUHXPOHUBUPOBAHbL C USMEHEHUSMU XUMUYECKO20 NOMEHYuald 2daza Hocumenell
3apada 6 xeawmyowem macrumuom noie. Ilpu nepexode 8 3apsid060-ynopsO00HeHHOe COCMOSHUE
npu  GbIOPAHHBIX NAPAMEMPAX MOOeU 30HHO20 cnekmpa cioucmozo xpucmaiia mepmoI/C
s03pacmaem 8 CPABHEHUU C HeYNOPSAOOUEeHHbIM cocmosiHuem 6 5.9 — 13.5 paza 6 keasukiaccuueckux
MacHumHwIx nosx u 8 7.6 — 18.4 paza 6 6onee CUNbHbIX KEAHMYIOWUX MACHUNHBIX NOJISIX.
KuroueBsble c10Ba: TepMoaieKkTpudeckuil Matepuan, TepmMolIC, CIOUCTOCTh, 3apsAA0BOe YHOPSI0-
YeHHe, KBAaHTYIOLIee MATHUTHOE TOJIe, XUMUYECKUN TOTEHIIUAN, BPpeMsl PellaKcallii, OCLIMILISLIHH,
HOJISIPHOCTB, MIEPEKITFOYCHHUE.
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For the most part, the band structure of materials, thermoelectric included, and the mechanisms of
charge carrier scattering in them are studied using de Haas-van Alphen and Shubnikov-de Haas
effects. However, it is difficult to separate the oscillations of magnetic susceptibility, the more so,
conductivity, from their total magnetic field dependence. At the same time, thermoEMF oscillations
can be observed directly. By virtue of this, thermoEMF oscillations in a quantizing magnetic field
can be regarded as a complementary measuring tool for the study of the band structure of materials,
thermoelectric included, and the mechanisms of charge carrier scattering in them. This paper is
concerned with the impact of layered structure effects and charge ordering on thermoEMF of
thermoelectric materials in a quantizing magnetic field. Layered structure effects are taken into
account in that the energy band spectrum of material is described by the effective mass
approximation in layer plane and tight-binding approximation in a direction normal to layers.
Quantizing magnetic field and temperature gradient are assumed to be normal to layers. Charge
ordering is thought to be interlayer and is regarded as a simple alternation of layers with different
electron density. Calculations are based on the Boltzmann kinetic equation in the approximation of
constant relaxation time. In the course of calculations it has been shown that the layered structure
even in the case of closed Fermi surfaces (FS) results in amplitude increase of thermoEMF
oscillations and their phase delay as compared to the effective mass approximation. At the same
time, the layered structure effects with closed FS affect scarcely the thermoEMF maximum in a
quantizing magnetic field and cause only a slight displacement of this maximum towards weaker
magnetic fields. The impact of interlayer charge ordering is manifested in a biperiodic structure of
thermoEMF oscillations in quasi-classical magnetic fields and multiple reversal of their polarity in
stronger fields. These reversals are synchronized with changes in chemical potential of charge
carrier gas in a quantizing magnetic field. When passing into the charge-ordered state with selected
parameters of a model of band spectrum of a layered crystal, thermoEMF increases as compared to
the disordered state by a factor of 5.9 to 13.5 in quasi-classical magnetic fields and by a factor of 7.6
to 18.4 in stronger quantizing magnetic fields.

Key words: thermoelectric material, thermoEMF, layered structure effects, charge ordering,
quantizing magnetic field, chemical potential, relaxation time, oscillations, polarity, reversal.

BBepeHue

Moens 30HHOTO CIIEKTpa CIOMCTOTO KpHcTauia Oputa mpemioxeHa P. dusazom B 1967 romy
[1]. B pamkax 3To# MOAENTH YPOBHH SHEPTHH CIOMCTOTO KPHUCTAIIA B KBAHTYIOIIEM MAarHUTHOM II0JIE,
C MHAYKIMEH B, IepneHANKYISIPHOM CIIOSM, OTIPEACIAIOTCS TaK:

e(nk,)=p"B(2n+1)+A(1-cosak,). (1)

B atoit dhopmyne n —HoMep ypoBHs Jlarmay; k. — KOMIIOHEHTa KBa3WUMITYJIbCa B HAIIPaBIICHUH,
TIEPIICH/INKYIIAPHOM CIIOSM; [ = Wgmo/m’, |ig — MarHetoH Bopa, mg—Macca CBOGOZHOrO 3IEKTPOHa,
m’ — > EKTHBHAS MACCa ITEKTPOHA B IIOCKOCTH CIOS; A — MOTYIIMPHHA MHHH-30HBI, OIHCHIBAIOIICH
MEKCIIOCBOE IBUKCHUE AJIEKTPOHOB; @ — PACCTOSHUE MY TPAHCIIAIMOHHO YKBUBAJICHTHBIMHU CJIOSIMHU.
Cunraercs, 4T0 3()(EKThI CIOUCTOCTH MPOSIBISIOT Ce0S TONBKO B CIIydae OTKPBITBIX MMOBEPXHOCTEH
Oepmu  (I[1D), T.6. TOTma, KOTAA OTCUMTAHHBIA OT JHA MHUHH3OHBI TMPOBOAMMOCTH XHMHYECKUI
MIOTEHIIMA CUCTEMBI ( YJIOBJIETBOpsET ycioButo ( > 2A, T.e. korna [1® ssisercs oTkpeiToit. L{enbio xe
HACTOSIIIE paboThl SABISETCS MEMOHCTpAIMs MPOSBIEHUS 3PQeKToB cioucroctu mpu §>2A u
3 (eKToB 3apsAIOBOTO YIIOPSIOUCHHS Ha MIpuMepax 3aBUCUMocTH TepMoI/[C clloncToro Kpucramia ot
WMHIYKIMY KBaHTYIOIIETO MarHUTHOTO TOJISI TIPH TEHEBBIX TeMIiiepaTypax. [Ipukiaanoe 3HaueHne 1ot
pabOTHI COCTOHT B TOM, YTO TMpPH MOMOIIK oclniIuid TepMoD/IC B KBaHTYOIIEM MarHUTHOM IIOJIE
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MOXHO H3Yy4aTb 30HHYIO CTPYKTYPY MATC€pHUaiIOB, B TOM YHUCJIC TCPMOIJICKTPUYCCKUX, U MCXAHU3MbI
paccesaHusa HOCHUTEJICH 3apsdaa B HUX.

PacueTt v aHanuns3 noneBow 3aBucumoctu Tepmod[C cnoncroro Kkpucrtanna 6es
3apsAaoBOro ynopsiaoyeHus

Hcnonp30BaHUEe KUHETHYECKOTO ypaBHEHUs bojbliMaHa NPUBOIUT K CICAYIONICH O0OIei
dhopmyne st TepmoI/IC cIouCTOro KpHucTasa:

o’ (e
ZTB"zB a(Tﬁ)
o =02 - @)
2 Gf (SB)

B s1oit popmyne B = (n, k), T— abcomoTHas Temneparypa, f° — pacnpenenenus depmu-/upaxa
e — MOZyJIb 3apsia MEKTPOHa, T — BPEMs PeNaKCallii, V.g — IPOJIOJIbHAS CKOPOCTh 3IE€KTPOHA, IIPOUHe
0003HaueHUS 00BICHEHBI BBIILIE.
Brruncneane tepMo3/IC cmomcTOoro KpucTamia ¢ 30HHBIM crekKTpoM (1) mpH ITOCTOSHHOM
BPEMEHH pellaKcalliy MPUBOINT K CIeAyIoIei hopmyie:
_mo,A
*TBiC

B aroii hopmyiie oy = k/ e, k— nocrosiaaas bonbiivana, a 6e3pasmepHbie kKo duuueHTsl 4, B, C

A=Y (1) {sin[nl C“fﬁ j{(co -G,)J, (:f—g}

3)

OIPCACIIAKOTCS TaK:

1=1

0

+Z(_1)r (2C2r - C2r+2 - C2r—2 )]2)‘ [ m/A ﬂ + COS(TCZ C :BAJ X (4)
1)

r=1 H*B
il p /A
xg(—l) (2C2,~+1 -C,5— C\zr-l\ 2r+1 [H*—B]}
B=O.5(C0—C2). (5)

- I s -A IA
c=> (-1, {cos[nl CH*B J{(co -C,)J, (E—B}
+i(_1)r (2C,, = Coiy =Co 0, ( 2 j} - Sil’l(ﬂil CMZBA j x (6)

wB
< r IA
xZ(—l) (2C2,~+1 -G, C\zH\ 2r+1 (:I*_Bj}

B stux dopmynax J,(x) — dyHkimn beccens mepBoro poma n-ro mopsaka ACHCTBHTEIBHOTO
apryMeHTa, a MOAYJIUPYIOIIHe KOAPPUIUSHTHI ONPEIEIIIOTCS KaK:

C = arccos(l - C_—MBJ (7)
A
inmC,
Cm:smm L pu m#0. (8)
m
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* v
Berunranue p B u3 C sBHbIM 00pa3oM y4uTHIBaeT (hakT KOHICHCAIIMM HOCUTENEH 3apsaa Ha JHE
MOJI30HBI C HOMEPOM 7 = () B yJIbTPaKBaHTOBOM IIpeJIEIeE.
Kpowme Toro:

£ =[sh(wkr/wB)] ' [1-(wIT/w B)eth(n*ikT /' B) | ©)

-1

1= (nzlkT/u*B)[sh(nzlkT/u*B)] . (10)

B atux ¢gopmynax sh(x) u cth(x) — runepOonuueckue CHHYC U KOTAHTE€HC COOTBETCTBEHHO. B
npubmkeHnn 3P PekTuBHON Macchl KodhduimeHTs! 4, B, C onpenensorcs Tak:

R Y e T )
= TIA A nl IA | uwaB
XC[ 21( f —1}]+sin(n*—ngS£ 21( *C —1]

wB wB wB
_l C,_H*B 3/2
B—6{2(—A ﬂ . (12)

C= 3 (—1)1f4c wB sin ETIC xC| (21 é—l —cos ETIC S| |21 § =1] (] (13)
o n\ IA waB waB u'B u'B

B dopmymnax (11) u (13) C(x) u S(x) — KocuHyC- 1 CHHYC-UHTETpasibl OpeHensi COOTBETCTBEHHO.

(11

VYpaBHeHUs, ONpeAeIAONIe XUMHUUYECKUH MOTEHIHAN JIJIEKTPOHHOTO Ta3a B KBaHTYIOIIEM
MarHUTHOM TIOJIe JUISi PEaJbHOTO CIIOWCTOTO KPHCTAIUIAa U B NPUOIMKEHUH 3(PQPEKTHBHOW MACCHI,
npuBeieHbl B padote [2]. PesynbraTsl BerunciacHus TepMol/]C crioncToro kpucramia B KBAHTYIOLIEM
MarHUTHOM I10JI€ IPUBEAEHBI Ha puc. 1 u 2.

/oy /oy,
0.15 : 0.08
a)
0.06
0.1 .................. SRy A
; ; 0.04
0.05 ................. ..................
e, : 0.02
0 i i : 0 : 5 :
0.04 0.06 0.08 p B/A 0.04 0.06 0.08 p B/A

0  dngliE : 0 T d
0.04 0.06 0.08 p B/A 0.04 0.06 0.08 u B/A
a)
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ooy, /oL
1.5 — :
- a)
1 o B
0.5
0 ; z z - ; A W
0 1 2 3 4 uBA 0 1 2 3 4 pnuBA

0 1 2 3 4 uBA
0)
Puc. 1. lonesvie 3asucumocmu mepmoI/]C croucmozo kpucmaiia: a) 6 K8asuKiaCCUUeCKkoM nPUOIUNCEHUU,
6) 6 wupokom unmepsaie maznummusix nonei npu kT/A = 0.03. CniowHble Kpuebie cOOMeemcmeyom
PeanbHOMY CLOUCTOMY KPUCMALILY, NYHKMUPHblE — RPUOIUdICeHUio dgpexmusnol maccol. Ha epaguxax

namumnckas bykea a coomsemcmeayem omuoutenuro Co/ A pasnomy 0.5, b—1, c— 1.5, d - 2.

U3 rpadmkoB BHIHO, YTO B KBAa3HKIACCHYECKUX MATHUTHBIX MOJSAX 3(PQPEKTH CIOUCTOCTH
BBIPAXAIOTCS B 3aMa3AblBaHIN (a3l U YBEIWYEHUN OTHOCHTEIIBHOTO BKJIaga ocumnanuid Tepmol/(C
NpU CHIDKCHWW €€ BEJIMYMHBl B IIeJOM. B 0Ooliee CHIBHBIX MAarHUTHBIX MOJAX CYLIECTBYET
ONITUMAJIBHBIA JUANa30H dTHX HOJeH, B KOTOPOM 3 PEKThI CIONCTOCTH BhIpa)keHbl Hanbosee CHUIIBHO,
HO Ha MakcuMyM BenuuuHbl TepMoDJC 3TH 3PQeKThl BIUSIOT clado W TPUBOIAT JIHIIL K €ro
HE3HAYUTEIHLHOMY CIABUTY B 00J1aCTh 00JIee CIa0BIX MArHUTHBIX TTOJICH.

BnusiHne 3apsignoBoro ynopsigoyeHust Ha TepmodC crnoucTbIX KpUCTansnos
B KBaHTYIOLLEM MarHUTHOM none

Ecim  3apsmoBoe  ymopsiioyeHHWE B CIIOMCTOM KPHUCTAIe PAacCMaTpHBaTh KaK MPOCTOE
yepenoBaHue Oojiee M MeEHEE 3allOJHEHHBIX SJIEKTPOHaMHU CioeB, TO kKoddduuumentsr 4, B, C B
NpUOIKEHUH TIOCTOSTHHOTO BPEMEHH pellaKcaluy OnpeaeisiFoTes Tak [3]:

26+

A:i Y j \y e wist —37) (57— ws? ) sin[mib™ (v~ ) Jdy. (14)
B=0.5 j ‘y’l‘\/(1+w282—yz)(yz—w262)dy. (15)
=(v-b)
. N
c=3 (1) j \y \\/1+w62 2)(3? w8 ) cos[ nlb™ (v~ y) ] dy. (16)

I=1

B stux dopmymax y=(;/ A, b=wB/A, w=W,/A. Kpome Toro, &— mapamerp MHOpSIKa,
u3MeHstonuiicss B uHTepBasie or 0 go 1; Wy —addexkTuBHOES B3aMMOICHCTBUE, MPUBOMAAIICE K
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3apsA40BOMY  YHOPSAOYCHUIO. HpI/I TaKOM  YHOPAAOYCHUHN [OBHIXCHHC HOCHTEICH 3apsaa B
HalpaBJICHNUH, NEPICHAUKYIAPHOM CJIOSIM, OIMCBIBACTCA (bOpMyJ'IOfII

W (k.)=%W2& + N> cos® ak.. (17)

YpaBHEHHS, ONpEAEISIOIUe M0JIEBble 3aBUCUMOCTH XHMHMYECKOI'O MOTEHIMaja U IapaMmerpa
nopsifika npuBeaeHsl B padote [4]. Pesynbratel Berancienus tepmoI/C 3apsaoBo-ynopsgo4eHHOTo
CJIOMCTOT'0 KpHCTaljia IpUBEACHbI Ha pUC. 2.

o/, o/al,

a)

0.2

z z 02 5 z
0.06 0.08 p B/A 0.06 0.08 p B/IA
/o
0.3 0 d
0.2 20.005 |t ML N
0.1
20.010 [ i L
O A
01 | | C0.015 [
oL 5 * -0.020 : ——
0.06 0.08 p B/A 0.06 0.08 p B/A
a)
/oy
. vy
210 [
D0 [
_15 . . - _30 . . -
1 2 3 4 n B/A 1 2 3 4 n B/A

5 - 15 : 5 5 -

3 4 wB/A 1 2 3 4 uBA
0)

Puc. 2. Ilonesvie sasucumocmu mepmo3/[C croucmozo 3apso060-ynopsioo4eHHo20 KpUCmauld: a) 8 Keasu-

Klaccud4eckux MacHUunMHoulx noJsix, 6) 6 WUPOKOM UHmepeaie MacHummoblx nonei. Ha epagbukax JAMUHCKAA 6)/7('6(1

a coomeemcmayem omuouteruio Wy / Cpop pasnomy 1.5, b—2, ¢ — 2.5, d — 0 (neynopadouennoe cocmosinue).
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U3 rpadukoB BUIHO, YTO 3apsJOBOE YNOPSAOUYECHUE MPOSBIET ceOsS B ABOSKONIEPHOIUIECKON
CTPYKType OCUWJUIALUHA B KBa3HKJIACCUYECKUX MAarHUTHBIX MOJSIX, MEPEKIIOUEHNH UX MOJSPHOCTH B
Ooyiee CHJIBHBIX MArHUTHBIX TIOJIIX M PE3KOM majaeHuH BennuuHbl TepMoDJIC mocine TOYKH

TOIIOJIOTHYECKOI'0 IIEPEX0aa, KOTOPOMY COOTBETCTBYET MOCICIHES NIEPEKITIOYCHUE ITOJIIPHOCTH.

BbiBOAbLI M peKoMeHAauum

1. D deKThI CIONCTOCTH MPOSBILIIOT Ce0s B YBEITMUESHIH OTHOCHTEITLHOTO BKJIaIa M 3arma3asBaHuy (az3bl
ocrmuiiid TepMoOJIC B KBa3WKIIACCHYECKUX MATrHUTHBIX IOJISIX, CYIIECTBOBAHWH ONTHMAJIBHOTO
QMara3oHa, TJe OHHM BBIpAKEHb HamOolee CHIBHO B TIPOMEKYTOYHBIX MArHUTHBIX TONSAX H
HE3HAYUTETHHOM CIIBUTe MakcumyMa TepMoJIC B cTOpoHy Oostee cltaObIX MAarHUTHBIX TTOJICH.

2. 3aps10BoOe YIOPSIOUCHHUE TMPOSBISET C€0s B BOSHUKHOBEHUHU JBOSKOIIEPUOAMUECKON CTPYKTYPHI
OCITIIIIATINAHN, TEePEKITIOueHUH MOIIPHOCTH TepMoOJIC B CHIBHBIX MAarHUTHBIX TOJISAX U PE3KOM
najgeHuu BenuyuHbl TepMoIJC mocie TOYKH TOMOJOTMYECKOro mepexoja OT OTKpbiTod IIdD k
3aMKHYTOM.
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