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MATHITHOMY IIOJII

B ocnosenomy 30omna cmpykmypa mamepianie, y momy HUCHi MEPMOEIEKMPUYHUX, T MeXaHizmu
poscilosanis HOCIIG 3apsdy 8 HUX GUBHAIOMbCS NEPEBAdICHO 3a DONOMO20I0 ehexmis de-1aasa — ean-
Anvghena i de-I'aaza — ILlyonikoea. OOHak euoumMU OCYUTAYIT MACHIMHOL CRPUIHAMAUBOCME | MuUM
bitbute NPOBIOHOCMI 3 IXHbOI 3a2ANLHOL 3ANENHCHOCMI 8I0 MACHIMHO20 MO CKIAOHO. Y motl dice uac
ocyunayii mepmoEPC mooicna cnocmepizamu Oesnocepeonvo. B cuny yvoeo ocyunayii mepmoEPC 6
KBAHMYIOYOMY MASHIMHOMY NOJi MOJICHA po327s0amu K 000amKogull 8UMIPIOBAIbHULL 3aCiO st
BUBYEHHSI 30HHOI CMPYKMYDU MAMEpIanie, y MOMY HUCTL MEPMOCIeKMPUYHUX, [ MexaHizmie
PO3CII08aHHL  HOCII8 3apsidy 6 Hux. Y npononoeawii cmammi po32isi0acmvCsi GNIUE epexmis
wiapysamocmi 11 3apsido8020 8nopsokyeanHs Ha mepmoEPC mepmoenexmpuunux mamepianie y
Keaumyiouwomy mazHimuomy noni. Egexmu wiapysamocmi 6paxogyiomucsi 3a 00ONOMO20I0 MO20, WO
EHep2emMUYHULL 30HHULL CREeKMpP MAMePIany ONUCYEMbCA HAOTUNCEHHAM eqheKMUBHOT MAcu 8 NIOWUHI
wapie i HAONUIICEHHAM CUTbHO2O 36513KY 8 HANPSMKY, NEPREeHOuKyiuspHomy wapam. Keanmyioue
MaeHimHe noe il 2padieHm memnepamypu nepeodasaomvcst CHpAMOBAHUMU NEPREHOUKYISIPHO UUAPAM.
3apsoose 6nopsaoKyeanHs 66adCACMbCS MINCUIAPOBUM T PO32TIAOAEMbCSL SIK NPOCHIE YeP2yBaANHsL UAPIE 3
DI3HOW  eleKmpoHHo  eycmuHoro. Pospaxynxu 30ilicHolombcss 6 pamKax KiHemuyHo2o piGHAHHS
bomvymana 6 mabaudcenni nocmitinoeo wacy penaxcayii. Y npoyeci po3paxymxie nokazamo, ujo
wapyeama CcmpyKmypa Hagimev Yy 6unaoky 3amkHymux nosepxorb Depmi (I1D) npusooums 00
spocmanist amnainyou ocyuisiyiv mepmoEPC i 3anizHioéanHst ix (asu 6 nopisHAHHI 3 HAOIUNCEHHAM
ehexmusHoi macu. Y moti sce yac Ha maxcumym eeaudury mepmoEPC 6 kganmyrouomy MacHimHomy
nozi egpexmu wapyeamocmi 3a 3amxrymux 11® ennusaroms crabo i npu3eo0sims auuie 00 He3HAYHO2O
3PYULEHHS YbO2O MAKCUMYMY 8 001acmb OLIblUL CIAOKUX MASHIMHUX NOJIB.

Brnaus midicuaposoeo 3aps006020 6nopsOKy8aHH NPOSBIAEMbCA Y OBOAKONEPIOOUUHIN CIMPYKMYPI
ocyunayiti. mepmoEPC y Keas3iKnacuuHux MazHimHux nonax i 0a2amoKpamHoMy NePeMUKaHHi ix
NoAPHOCMI 8 DINbLUU CUTbHUX NOJAX. LI nepeMuKarnts cunxporiz308ami 3i SMIHAMU XIMIYHO20 NOMEHYIALY
2asy Hociié 3apady y K6aHMyIO4oMy MASHIMHOMY noii. 3 nepexooom 8 3aps0080-6nOpAOKO8aAHULL CIAH
npu 06paHux napamempie Mooeni 30HHO20 chekmpa wapyeamozo Kpucmana mepmoEPC 3pocmae
NOPIBHAHHO 3 HEBNOPAOKOBAHUM cmanoM 8 5.9 — 13.5 pasza y KeaziknacuuHux MaeHimHux nonax i 8 7.6 —
18.4 paza 6 binvu cunbHUX KEAHMYIOYUX MASHIMHUX NOJISIX.

Kurouosi ciioBa: Tepmoenexkrpudnuii Marepiai, TepMoEPC, miapyBaTicTs, 3apsiioBe BHOPSIKYBaHHS,
KBAHTYIOUE MarHiTHE IToJIe, XIMiYHHI TOTEHIIIAN, Yac PeaKcallii, OCHUIISALIT, MTOIAPHICTh, IEPEMHUKAHHSL.

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
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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.

Betyn
Mozens 30HHOTO CHEKTpa MIapyBaToro kpucrana Oyno 3anpornoHoBano P. ®iBazom 1967 poky
[1]. ¥V pamkax 1iei Moaeni piBHI eHeprii MIapyBaTOro Kpucraia B KBaHTYIOUOMY MarHiTHOMY TOJi, 3
IHIYKIIEO B , MepreHanKyIIpHOMY [IapaM, BU3HAYAIOThCS TaK:
e(n,k,)=p"B(2n+1)+A(1—cosak,). (1)
V miii dopmyni n — HOoMmep piBHA Jlammay, k, — KOMIIOHEHTa KBa3iiMITyJIbCy B HAINPSMKY,
TePIeHIMKYIAPHOMY IIapaM, |1 =zme/m , [z — MaraeTon bopa, m, — Maca BiIbHOTO eNeKTpOHa, M —
eeKTHBHA Maca eJIEKTPOHA B IUIOIIUHI mapy, A — MiBIIMPHUHA MiHI-30HH, 110 OMHCY€ MIKIIAPOBUI
PYX EIIEKTPOHIB, @ — BIICTAHb MK TPAHCIILINHO €KBIBAJICHTHUMH HIapaMu. BBaxkaeTbes, 1m0 edekTn
IapyBaTOCTi MPOSIBIIIOTE ce0e TUTHKHM y BHITAIKY BiAKpUTHX HoBepxoHb Pepmi (I1D), To6TO TOMII,
KOJIY Bi/TiYEHHH BiJ| THA MiHI30HH TPOBITHOCTI XIMIYHMI TIOTEHIIAI CHCTEMH ( 3aJI0BUTBHSE YMOBI { > 2A,
T00TO KOoim II® € Bigkpuroro. Mera MpOMOHOBaHOI poOOTH — JEMOHCTpalis NPosBY e(deKTiB
nrapyBatocti 3a { > 2A edekTiB 3apsI0BOr0 BIOPSIKYBaHHS Ha MpPUKIagax 3ajeskHocTi TepMoEPC
apyBaToOr0 KpHCTala BiJ IHIYKIii KBaHTYIOUOTO MATHITHOTO TIONIA 3a TEJEBUX TeMIIepaTyp.
[IpukmagHe 3HaYeHHs 1€l poOOTH TOJSATae B TOMY, IO 3a IOMOMOTOK ocumisiiii TepmoEPC B
KBaHTYIOUOMY MAarHiTHOMY TIIOJi MOXXHa BHUBYAaTH 30HHY CTPYKTYpYy MarepiajiiB, y TOMY YHCIi

TEPMOCJIEKTPUYHHX, 1 MEXaHI3MH PO3CIIOBAaHHS HOCIIB 3apsiy B HUX.

Po3paxyHku Ta aHani3 nonboBoi 3anexHocTti TepMoEPC wapyBaToro kpucrtana 6e3
3apsAao0BOro BNopsaKyBaHHSA

BukopucranHs kKiHeTHUHOTO PiBHAHHS bonbliMana Ipu3BOIUTH 0 TaKO1 3arajibHOi (opMyIn
s TepMoEPC mapyBaToro kpucrana:
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Y wiit popmyii B=(n, k), T — abcomoTHa TeMIepaTypa, € — MOMyJIb 3apsijly eeKTPOHa, 7, — vac

a_=d

zz

)

penakcauii, v, — MO3I0BXKHsA IIBHAKICTh €JIEKTPOHA, [ ¥ _ posmonin ®epmi-Jlipaka, iHmI MO3HAYCHHS
HOSICHEH] BUILIE.
OoOuncnenns TepMoEPC mapyBaroro kpucrana 3 30HHMM crnektpoM (1) 3a mMOCTIHHOro wacy
pernakcartii MpU3BOUTH J0 TaKOI (hOPMYJIH:
_ ma A
*="pic
Tyre, =k/e, k— nocriiina Bonsivana, a 6e3po3mipti koediientn 4, B, C BU3HAYAIOTHCS TAK:

A l°°1 (_1)1-1 fl;h {sin(nl CM:BAJ{(CO —CZ)J0 (%}F

+i(_1)r (2C2r -C,.,-GC,, )JZ,, (RZ—AH + cos(nl 5 :BA] X 4)

)

r=1 “'*B I8

Xi(_l)r (2C2r+| -G - qu—l‘ 2741 (TEZA / H*B)},

B=0.5(C,-GC,). 5)
C—;( 1) f, {cos(nl B ]{(CO CZ)JO(H*B}L

+Z(_1)r (2C2r - C2r+2 - C2r—2 )er [TEZ_A]} - Sil’l(ﬁl 5 :BAJ X (6)
n

r=1 “'*B

X p TlA
X;(_l) (2C2r+l - C2r+3 - C\zm\ 2r+1 [H*_BJ}

VY mux popmynax Jy(x) — dynkuii beccenst mepioro poxy # — ro MopsAKy AiMICHOTO apryMeHTy, a
KOC(ILIIEHTH, 1[0 MOJIYJIIOI0Th, BU3HAYAIOTHCS SIK

C, :arccos(l—(;—u*B/A), )
C,=sinmC,/mupu m#0. ®)
Bupaxysanus p*B 3 { sBHO BpaxoBye (akT KOHJCHCAIlIl HOCIIB 3apsiy Ha JHI Mi30HA 3 HOMEPOM

n =0 B yJIbTPaKBaHTOBII MEXi.
Kpim Toro,

e [l ] [1-(hrs)an(er )] )

-1

f°= (nzlkT/u*B)[sh(nzlkT/u*B)] . (10)
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Y mux dopmynax sh(x) i cth(x) — rinepOonivuHi CHHYC 1 KOTaHTeHC BiIMOBITHO. Y HaOMDKEHHI
edexTrBHOI Macu KoediuieHTH 4, B, C BU3HAYaIOTHCS TaK:

- . o . \3/2
A= (—I)H £ b B\, Z(Q - B) —l( B] {cos(n*—ICJx
= AN A nl IA wB
XC[ 2l{é—ln+sin(n*—lng[ 21( C —ln : (11)
wB wB wB
1 (c-wsB)]"

C= N (_l)lf;(y[“*_Bj sin(n*lgij{ 2[(#—1]}—005(%}5{ 21( *C —lj] . (13)
= n\ IA uB waB uB waB

B dopmymax (11) 1 (13) C(x) 1 S(x) kocunyc- i cuHyc-iHTerpam OpeHers BiIoBiIHO.

PiBHSHHS, 110 BU3HAYAIOTH XIMIYHMIA TIOTEHLIiJI €JIEKTPOHHOIO Ia3y Y KBaHTYIOUOMY MarHiTHOMY MO
JUTsl PeaIbHOTO IIApyBaTOro KpHCTaia i y HaO/IKeHHI e(heKTHMBHOT MacH, HaBeICHO B po0oTi [2]. PesynbraTu
o6umcierns TepMOEPC 1m1apyBaToro KprcTaia y KBaHTyFOUOMY MarHiTHOMY ITOJTi HaBeZleHO Ha puc. 112.

01544 0.08 Y/
: : 0.06
0.04
0.05
0.02
0 : : 0k : :
0.04 0.06 0.08  W*B/A 0.04 0.06 0.08 M*B/A
a) b)
ala ala
0.05 — : : 0.04 /a,
004 ............... ............... ........... '." 003 ............... ................ .............. ::
0.03 | """"""""""" N\
’ A 0.02F e ................ . ..;,._.‘..,- ........
0-02 ............... '\ ............. "'.: ............ H [
0.0 | YA e, 0.01
0 : : 1% O 0 -"""‘" : : ™
0.04 0.06 0.08 WB/A 0.04 0.06 0.08 =B/A
¢ d)
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1 ......................................... 1 ............................................
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a)
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05 Lo ........ ....... ........
0 : : : : . 0 : : : : —
0 1 2 3 4 [FBA 0 1 2 3 4 [FBIA
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0)
Puc.1. Ilomvosi 3anexcrnocmi mepmoEPC wiapysamozo kpucmana:
a) y KéazikaacuuHoMy Habruscenti, 6) y wiupoxkomy inmepsani maznimuux nonie 3a kT /A = 0.03 .

CyyinbHi Kpusi 6i0nosioaroms peaibHOMY Wapyeamomy KpUCMany, RYHKIMUPHI — HAOIUICEHHIO eeKmueHOT

macu. Ha zpagixax ramuncoia bykea a sionosioae sionowentio ¢, / A pignomy 0.5, b-1,c-1.5, d-2.

I3 rpadikiB BHIHO, IO Y KBa31KJIACHYHUX MAarHITHUX MOJSIX €EeKTH MapyBaToCTi BUPaKalOThCS
B 3ami3HIOBaHHI ()a3u ¥ 30UTBIICHHI BITHOCHOTO BHECKY OCIWIANiN TepMOEPC 31 3HMXEHHSIM ii
BEIMYMHU B IIOMY. Y OUTBII CHIIbHUX MarHiTHUX IOJISIX HassBHUW ONITHMAJIPHUMN Jiara3oH IUX MOJIiB,
y KoMy e()eKTH IIapyBaTOCTI BUpPaXCHI HAWCWIBHIIIE, ajle Ha MakcUMyM BenuunHd TepMoEPC i
e()eKTH BIUIMBAIOTH CJIA0KO W MPU3BOJIATH JIMIIE J0 MOr0 HE3HAYHOrO 3MIIIEHHS B 00JacTh OUIBII
c1a0KHUX MarHiTHHX ITOJIIB.

BnnuB 3apsagoBoro BnopsakyBaHHA Ha TepMoEPC wapyBaTux kpuctanie y
KBaHTYHOUOMY MarHiTHOMY noisii

Skio 3apsaoBe BHOPSAKYBAaHHS B IIAPYBATOMY KPUCTNl PO3TISAAATU SIK MPOCTE YePTyBaHHS
OB 1 MEHII 3alIOBHEHUX EJIEKTPOHAMHU IIapiB, TO koedinieHTH A, B, C, y HaOIMKeHHI MOCTIHHOTO
gacy peraKcarlii BU3Ha4alThCs Tak: [3]

. e
A= IZ(—1)’ £ (f )l\yl\\/(n w8 =y )(y? = w8 )sin[ nlb™ (v - y) |dv (14)
- e

1
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B=0.5 I ‘y’l‘\/(1+w282—y2)(y2—w282)dy, (15)
=(v-b)
© w?%+1
c=X1r | \y-‘\\/(u w8 — 7)1y —ws? ) cos| nlb! (v - y)]dv. (16)
I=1 ~(y-b)

YV uux dopmynaxy=_{/A,b=p B/A, w=W,/A. Kpim Toro, 5-mnapamerp MHOPSIKY, WIO
3MiHIO€TbCA B iHTepBani Big 0 mo 1, W, —edekTuBHa B3aeMofis, IO MPU3BOAUTH IO 3apsI0BOTO

BIOPSIIKYBaHHS. 3a Takoro BIOPSIKYBaHHS PyX HOCIiB 3apsily B HampsIMKy, MEPIEHIUKYISIPHOMY
1apam, ONUCy€eThCs HopMyIIor0

W (k.)=2\W25* + A* cos® ak, . (16)

PiBHSIHHA, 1110 BH3HAYAIOTh TIOJBOBI 3aJIE)KHOCTI XIMIYHOTO MOTEHIIANY # mapamerpa MopsaKy
HaBelneHO B poOoTi [4]. Pe3ynbratn obuncnerds TepMoEPC 3apsimoBo-BIOPSIKOBAHOTO IIapyBaTOTO
KpHCTaJla HaBEJCHO Ha pHC. 2.

I3 rpadikiB BuAHO, WO 3apsIOBEe BIOPSAKYBAaHHS IpPOSBIsIE€ cebe y ABOSKONEPIONUYHIN
CTPYKTYpl OCIWIALINA B KBa3iKJIaCHMYHMX MArHITHHX IOJIAX, HMEPEMHUKAHHI iX IMOJIAPHOCTI B OUIBII
CHJIPHUX MAaTrHITHUX MOJIIX 1 pi3koMy maniaHi BenwduHA TepMOEPC Mmicis TOYKH TOMOJIOTIYHOTO
nepexoy, IKOMY BiIIOBIZIa€ OCTAHHE MEPEMUKAHHS TOJSIPHOCTI.

0 ala, | - ala,
0.1 0.1
0 0
-0.1 -0.1
0.2 ; : -0.2 : :
0.06 0.08  H*B/A 0.06 0.08  H*B/A
b)
. Oa/aﬂ
0.2 20.005]. oo AW T SO
0.1 : :
001F-ie ............... ...........
0¢ : ;
00151 U PO .
-0.1 : : : :
0277606 0.08  H=B/A R 0.06  0.08 LEB/A
¢ d)
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ala,

10

3 4 [FBA 2 3 4 [FBA

Joo

i 2 3 4 LEB/A ’ 1 2 3 4 PEB/A
¢ d)
0)
Puc.2. omvosi 3anexcrnocmi mepmoEPC wapyeamozo 3apso0o60-6nopsaoKo8aH020 KpUCmana:
a) 8 K8A3IKIACUYHUX MASHIMHUX NOJIAX, 0) 8 WUPOKOMY IHMEPSAN] MASHIMHUX NOJIG.

Ha epagixax namuncvka bykea a gionosioae ionowenmio W, / Coap PisHOMY

1.5, b-2,c-2.5, d-0 (nesnopsiokosanuii cman).

BucHoBok

1. Edextn mapyBaTocTi NMpoOsBISIIOTH cebe B 30UIBILICHHI BIAHOCHOTO BHECKY Ta 3ami3HIOBaHHI (as3u
ocumutsiniii TepMOEPC y KBa3iKIacHYHMX MarHiTHUX IIOJISX, ICHYBaHHI ONTHMAJIBHOTO Jiarnia3oHy, e
BOHM BHPaXCHI HAWOUTHII CHJIBPHO B TPOMDKHHX MAarHITHHX TOSIX 1 HE3HAYHOMY 3MIICHHI
MakcumyMy TepMOEPC y Gik OibIn ctabKuX MarHiTHHX TOJIB.

2. 3apsnoBe BIOPSAKYBaHHS MPOSABISE ceOe y BUHUKHEHHI JBOSIKONIEPIONMYHOI CTPYKTYPU OCLMIISLIH,
nepeMuKanHi nossipHocTi TepMOEPC y CHIIBHUX MAarHiTHUX MOJSX 1 PI3KOMY TaJiHHI BEIUYHHH
TepMOEPC micis TOYKH TOMOIOTIYHOTO IepeXoay Bif BiakpuToi [1D 1o 3aMKHYTOI.
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