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PosensHymo ennue aHisomporii egbekKmueHoOi Macu Ha KOMIMOHEHMU meH3opa OiamazHimHoOI cripusmiueocmi
8UPODAXKEHO20 iDearlbHO20 2a3y efleKmpoHig npogidoHocmi y kpucmasax. ObpaxosaHO 3arnexHicmb Uux KOMIOHeEHmM 8id
opieHmauii Ma2HimHo20 osisi 8iIOHOCHO KpucmanidHux suceli. OmpumaHi pe3ynbmamu MoxXymb 6ymu gukopucmaHi 0ns
8idokpeMreHHs QiamagHImHOI cripusimaueocmi efleKmpoHig rpogidHocmi 8id cripusmnusocmeli 06yMo8IeHUX IHWUMU
MexaHiamamu.

Knroyosi crniosa: ideanbHuli 2a3 e/IeKMpPOHIi8, MazHimHa cripusmiusicms, e¢hekmueHa maca.

Dependence of the diamagnetic susceptibility of a degenerate ideal gas of electrons on the orientation of the magnetic
field strength vector relative to the crystal axes, which is due to the anisotropy of the effective mass of electrons is
considered. The presence of a diamagnetic susceptibility of a degenerate ideal gas of electrons is one of the fundamental
results of the application of quantum mechanics and statistical physics to the description of magnetic phenomena. For an
ideal gas of electrons in vacuum, the magnetic susceptibility has diamagnetic and paramagnetic components, the origin of
which is due to different mechanisms. At low values of the magnetic field strength and high temperatures, their values are
proportional to each other. Since the total value of the susceptibility is measured, it is impossible to separate them.
Moreover, when measuring the magnetic susceptibility of a crystal, the contribution of conduction electrons cannot be
separated from the contributions of the electrons of atoms, unless some features of the behavior of the magnetic
susceptibility of conduction electrons are known. In this article, the calculation of the angular dependence of the effective
mass of electrons due to the anisotropy is carried out. The angular dependence of the diamagnetic susceptibility is
calculated for the practically important case when the distances between the nearest magnetic levels are small compared
to the temperature. It is shown that the angular dependence of the diamagnetic susceptibility coincides with the angular
dependence of the cyclotron mass squared, which can be determined from independent cyclotron resonance experiments.
It is proposed to use the results obtained to separate the diamagnetic susceptibility of conduction electrons from
susceptibilities due to other mechanisms.

Key words: ideal electron gas, magnetic susceptibility, effective mass.
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BNACTUBOCTI, Hanpuknag, 1 3anexHiCTb Bifg
1. Bcetyn OpieHTaUil 30BHILHLOrO MarHiTHOro nons, ska
BMBYAETLCA B Ui poboTi.
Ak 6yno nokasaHo JlaHgay, y 30BHILLHbOMY

MarHiTHOMy MO BWHMKAE KBaHTyBaHHA oOpOoIT 2. Onuc mopgeni
enektpoHiB [3]. Lle kBaHTyBaHHS npuBoauTb OO
nosien diamarHeTusmy ineanbHoro rasy [N nNpoBedeHHs  pO3paxyHKB  MarHiTHOI

€rleKTPOHIB, AKUA HeMOXHa onucatnm y Mexax

KNACHUHOT cianku [4]. CNPUSITIIMBOCTI MOTPIGHO 3HATU CMEKTP eHeprii

MpaKTUUHO BAXAMBIM NPUKMAZoM CUCTEMM A €rNeKTPOHy NPOBIOHOCTI, SAKUA PO3rNsfaeTbcsa y
MOXHa crocTepiraT edekTu, Mos’'AsaHi 3 HabnvxeHHi edektnsHoi mMacu [1, 3], mpuyiomy
diamarHeTuamom JlaHpay, € ra3 enekTpoHiB YacTo BBaXarwTb, WO 33 BiACYTHOCTi MarHiTHOro
MpoBiAHOCTI  y ~ MeTanax Ta  BUPOMKEHNX MOMsi  3anexHiCTb EeHeprii  enekTpoHa  BiA
HaniBNPOBIgHMKaX, B AKAX NPW BENMNKUX 3HAYEHHAX XBULOBOIO BEKTOpY, y KBAZPaTUIHOMY

HaMpPy>XeHOCTi MarHiTHOro nomns Ta HU3bKUX
Temnepartypax, KBaHTyBaHHSA OpOIT €eneKkTpoHiB
npuBOANTb ao ocumnALin MarHiTHol

HabnWXeHHi, Mae BUrNaa;

CnpuaATnMBOCTI. B iHWKUX BMNagkax AdiamarHeTusm e(k) = hzka 1)
JlaHoay Ha ekcnepuMeHTi MacKyeTbCs BHecKamu o Zm}"
CMPUATANBOCTEN, 06yMOBEHNX iHLLIMK JmayE

mMexaHiamamu.  Tomy, wWwob BiJJOKpPEMUTN .

OiamarHiTHy CAPUATINBICTb Ilanpay BiO Ag m;- KOMHOH_eHTM Tel-.|30pa ecbelefBHa Macg
CNPUSTINBOCTEN, 06yMOBREHNX iHWUMM ENEKTPOHY, 5kl ToAaHl 'y  BnacHin - cncTemi
MexaHiaMaMu BaXMBO 3HATW 1 cneumdivHi KOOPAVHAT, 3B A3aHOI 3 BUCAMUW KpucTany.
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3 pospaxyHkiB [1], BUNnuBae, Npu HasiBHOCTI
MarHiTHoro nongd piBHi eHeprii enekTpoHa Yy
BUMNaZKy  aHi30TporHOI  edeKTUBHOI  Macu
ONUCYIOTLCH CMIBBIAHOLLEHHSIM, sike Mae BUMNAg
NnodioHMiA [0 BUMAgKy BINMbHUX ENEKTPOHIB Y
BaKkyyMi:

2 2
H

hk
s(kHlnlM) = 2m

1
+ hwsM + hw, (n + E)' (2)

H

ae n=0,12,.. - iHgekc piBHA JlaHpay, k, —
MPOEeKLis XBUIbOBOrO BekTopy, a M =+1/2 —
3HaYeHHs NpoeKUil CriHy enekTPoHY Ha HanpsIMOK
BEKTOPY HanpyxeHocTi MarHitHoro nons H , H —
BENnMYMHa UbOro BEKTOpY, my, — BigNoBigHa
KOMMOHEHTa TEH30py eheKTUBHOI Macu

o =2l 3
YacToTa, NoB’A3aHa 3 PO3YErneHHAM ChiHOBUX
piBHIB eHeprii
EMeKTPOHY,
elH
w0 = oo, @

UMKMOTPOHHa 4actoTa. B ocTaHHix dopmynax
eTtam, — 3apa4 Ta Maca ernekTpoHy, a mc-
LMKNOTPOHHA Maca, sika y Mexax AdaHoi mogeni
OMUCYETLCS BUPA3oM

1
2 2 2 \"2
nj n; ns
mc(n) = % P + P ) (5)
m;mz; mMms;m; mm,
B sikOMy n; — npoekuii Bektopy m = H/H Ha

HaNpPsIMKM BMaCHUX BEKTOPIB TEH30pY ePEeKTUBHOI
macwm.

3ayBaXXMMO TaKOX, LLO ANS BifTbHUX €NTEKTPOHIB
y BakyyMi, m; =m, i HESKOI KyTOBOI 3asIeXHOCTi
LMKNOTPOHHOI 4acToT! HEMAE.

3rigHo po pesynbtaTie [1] piBHi JlaHgay €
BUPOKEHMMMU 3i CTYMEHIO BUPOMKEHHS sika He
3anexuTb Bif 3HA4YEeHHA KBAHTOBOrO yucna n i

onucyeTbCsa hopmyrior

_mc(n)
© 2mh @eS, ®)
ge S — nnowa CUCTeMU Yy HanpsMKy

nepnenankynspHomy o H.
3. Po3paxyHOK MarHiTHOI CNIpUUHATNMBOCTI

[na aHanisy BnacTuBOCTeW igeanbHOro rasy
®epmioHiB  3BMYAHO BUKOPUCTOBYIOTH BEJTUKWN
KaHoHi4YHMIM poanogin N66ca [1]. Mpu upbomy BUpas
AN BENUKOro noTeHLiany mae Burmsg

QT V,u,H) = —%Z In(e~FEr—w),  (7)
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Ae u - XiMiyHuiA noteHuian, B = 1/kgT, &, — eHepris
CTaHi, AKNA HyMepyeTbCA iHOEeKcoMm
r . Y BUNaAKy, SKUA po3rnagaeTbes B Uik poborTi, &,
ONUCYETLCHA BUPA3OM (2), TOMY BENUKWI NOTEHLjan
3anexunTb Bif HanpyXeHOCTi MarHiTHoro nons. 3
TepMoAnHaMIKkun BiJOMO, LLO

0
aQ(TIVIM'H) = _N(T)V)M‘H)‘ (8)

d
a_H-Q(T;V;,u;H) = —M(T,V,,Ll,H), (9)

ne N ta M — KinbKiCTb 4aCTMHOK Ta MarHiTHUN

MOMEHT rasy, 3 Bupasy 451 SKOro i BU3Ha4YaeTbCA

MarHiTHa CnpUUHATAMBICTL ¥ = M/VH.
3ayBaxunmo, Lo KiHLEBi pe3ynbTati HeobXigHO

nogatn 4epes KOHTPONbOBaHi Ha €KCNEPUMEHTI
napameTtpu cuctemu (T,V,N,H). [Ona uboro
BMKOPUCTOBYIOTb BUPA3 AN1s BiNbHOI eHeprii

F =Nu(T,V,N,H) +Q(T,V,u(T,V,N,H),H), (10)

Ockinbku
N2 +a.(2(TV H)a =0 (11)
ot TN G T
TO
M(T,V,N,H) = M(T,V,u(T,V,N,H),H). (12)

To6T0, MarHiTHUA MOMEHT Yy 3MiHHUX (T,V, N, H)
oTpumMyeTbecst 3 Bupasy ans M(T,V,u,H) , sKui
obuncnioeTbca 3 piBHAHHA (9), nigCTaHOBKOM
xiMmiyHoro noteHuiany wu(T,V,N,H) , Skuii HesIBHO
3afaHun piBHAHHAM (8) npu hikCcoBaHiIN KiNbKOCTI
YacTUHOK N.

3 BUrMSAAYy CnekTpy eHeprii (2) BunnuBae, LwWo
BENUKMIM NoTeHUian MoXHa nogatu y Burnagi

[ee]

ATV, H) = nZoF (n + %) (13)
ae
F(x) =— h

22> = hogM = hox),  (14)
M

kg’

fo) = —%f In (1 + e_ﬁ< 2my 'y>> dky , (15)

Hexan 3HayeHHsx H i T Taki, Wwo fhws K 1 Ta
Bhw, < 1,afu> 1. TobTo, BENUUMHA XiMIYHOIO
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noTeHuiany € BEMUKOW | ras3 enekTpoHiB
NPOBIOHOCTI € BUPOIPKEHUM .

3a umx ymoB F(x) Mano 3MiHIETLCS, Mpu
3MiHax aprymMeHTy Ha oguHuul i ans
nigcymyBaHHs 'y opmyni (13) 3acTocoBYOTb
dopmyny Einepa-MaknopeHa [4,6] y Burnsgi

ZF(n+%)zf F(x)dx+%(Z—F> . as)

OGuMCNEHHS BEMWYMH, SKi BXOAATb Y npa.y
YacTuHy Bupasy (16) fae

fowF(x)dx - _ h;"c; ff(u — hwM — hw,x)dx

u-hws,M

=32, | o

- [row 2012

17)

(dx)xo ﬁwoZ( Jlu = heoht = hwox)>

M x=0

_ (hwo)z af(# - hwsM)

) Z du

~ —2(ha, 2 LW af(pt)
au
(18)
Ockinbkun

[ roray = 0.0, (19)

TO 3 hopmynu (19) Bunnmeae, LWo

2

4] 0
f(ﬂ) —Q(T V1, 0) = __MN(T V, 1, 0), (20).

Mpu ubomy

(T, V,u,H) = Q(T,V,u,0)
2

(21)
a [ONs MarHiTHOro MOMEHTy rasy crpaBeanvee

PiBHSIHHS
2

M(T,V,u, H) =

Takmm 4YnHom,

9 Ny 0)6( ! )(22)
4ou R G 3%
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- (eh) )=zt 23)
X =3\¢ m2 Bmg = Xp T Xp:

Mepwa vactuHa B BMpasi (23) onucye
napamMarHiTHy CnpusaTAMBICTb  (NapamMarHeTusm
Mayni), ska He 3anexuTb Big opieHTauii H a gpyra
BiAnoBsifgae AiamarHiTHii cknagosin JlaHaay.

H fla}c 2 .
3 TOYHICTIO A0 BENUYMH nopAnkKy P |
F
kpT 2
(8—) MOXXHa MOoKIacTun
F

,u(TiViNiH)Z,U(OJV;N;O)ZEF! (24)

he g — eHepria ®epmi razy eneKkTpoHiB
nposigHocTi Npy H = 0, Aka onucyeTbes
BMpasoMm

3
3N \2 R2
- 2
& <8nV> 2(mmymy) /3’ (25)

Takum  yuHom, 3 dhopmyn (5),(22),(25)
BUNNMBaE, WO Yy  BUNaAKy  aHi30TPOmnHol
edeKkTMBHOI Macu fiamarHiTHa CnpUMHATAUBICTb
BUPOKEHOro  igeanbHOro rasy  €ereKkTpOHiB
onucyeTbcsa hopMyInoto

2N reh\* [ n? n2 n2
= - = 26
2 3Veg <3c> <m§m§ * mazm; * mim; ,(26)

4. BUCHOBKM

Y Hacnigok aHi3oTponii eeKkTMBHOI Macu, xp
3aneXnTb Bif HanpsMKy, SKUA YTBOPHE BEKTOP
Hamnpy>XeHOCTi  MarHiTHoro nonsi 3  BUCSMU
kpuctany. KytoBa 3anexHictb y,(n) noes’sisaHa 3
KyTOBOI 3anexHICTI0 LMKITOTPOHHOI MacK (5), gka
3BUYanHO BUMIPHOETBLCA 3a J10MOMOro
LUUKITOTPOHHOTO PE30HAHCYy 3 METO OTPUMMaHHSA
3Ha4YeHb KOMMOHEHT TeH30py edheKTMBHOI MacK [5].
Takmm 4YMHOM, nNpU MOPIBHAHHI  pe3ynbTaTiB
BUMIPIOBAHHA  MarHiTHOI  CMIPUWHATIMBOCTI 3
pesynbTaTtaMmy LMKIIOTPOHHOIO pe30HaHCy MOXHa
BUAINUTY diaMarHiTHy CnpunHATIKBICTL JlaHaay Ha
OHi HWKMX MexaHi3MiB, fKi [OalTb BHECOK Y
MarHiTHy CNpUMHATNMBICTL MeTany.
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