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J0 TEOPII CUJIOBUX CTAJIIX
BATATOATOMHUX CUCTEM ¥ MO/EJII

VIIK 539

CHNJIBHOTO 3B’A3KY (HACTHUHA II)

Y pobomi 6 modeai cuavnozo 36°a3KYy Hasedeno Habausicenul 6upa3 0Ai eHepeii KYAoHIBCHKOT
63aem00ii 8 meepdomy misi. [Ipoaranrizosaro ymosy adiabamuurozo HabAUNCEHHA A BUKOHG-
HO QHAA3 KEAHMOGO-CTNATNUCTIUYH020 YCEPETHEHHA TIEPULOZ0 (CTATUYHOZ0) HAEHA PO3KAGIY
cepeonvoi NOMeHYIasbHOL enepeii no Maaur amiuennar adep. Taxuld anaaiz 003604u6 6U3HaA-
YUY eAeKMPOrHUl 6HECOK Y Mensose pPo3wuperns meepdozo misa. Ha ocnosi ananizy eny-
MPIwWHb0T eHeP2li a MEeNAOSUT BAACTUBOCTEY MEEPJ020 MIAL OMPUMAHO DIEHAHHA CINMAHY
meepdozo miaa 6 2aPMoHIuHOMY HaOAudICERHT. Bidnosidno snatideno 36’a30x mensoemmocmet
Cy» ma Cp, wo y3zodorcyemnvesa i3 3axornom I'pronatizera.

Katwowoet cao6a TEOpist CHIOBUX CTAJINX, €HEPTisl KYJIOHIBCHKOI B3aeMmomii, eHepris 6ara-
TOATOMHOI cucreMu, 3aKOH ['proHaiizena.

1. Eneprig 6araroaToMHOT
cucTeMHu Ta KyJOHIBChbKa B3a€EMO/is
B MOJeJ1 CIIBHOTO 3B’SI3KY

Y nayci inel cuapHOrO 3B’s3KYy OyZeMO BBaXKaTH,
1m0 6araToaTOMHA CHCTEMA CKJIAJAETHCS 13 CYKYITHO-
CTi aToMiB, 4YMi BaJIEHTHI €IEKTPOHU 3HAXOIATHCHA B
OCHOBHOMY 1100/IM3y “CBOIX” aTOMIB Ta, 3aBISIKU CBO-
iM XBHJIbOBHM BJIACTHUBOCTSIM, 3ifiCHIOIOTH 3B 30K 13
HABKOJMUIMHIME “gykuMu’ aromamu. [js mpocrorn
OyeMO BBazKaTH yCl aTOMM € OJHAKOBUMHU. AToMu 6€3
BAJIEHTHUX EJIEKTPOHIB y TOJAJIBIIIOMY OyaemMo iime-
HYBaTH SIPAMU.

laminbronian cucremn 3 N aTtomiB Ta Z eI1eKTPO-
HiB (Z — BaJleHTHICTb aTOMa) 3ALKUIIEMO B 3BUYHOMY
BUILJISIIL:

A=y
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Z|RL—R,|+22M (1)
k#l
Je i, ] — HyMepyIoThb eJIeKTPOHHU, k Ta [ HyMepyoTh Mo~
JIOXKeHHd anep, m ta M — macu, p; Ta Py, — imnynaben
€JIEKTPOHIB Ta si/iep BiMOBiTHO.
Bsememo KoopauHATH €JIEKTPOHIB BiTHOCHO “CBOIX”
sAzep:

r; = Ry + rig,
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Iie T;; KOOpJWHATA eJIeKTpOoHA B k-My arowmi, a i —
HyMepye€ BaJIEHTHI eJIeKTPOHU.
Toni FaMianOHiaH HabyIe TaKOTO BUTJISIY:
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Ilepmri Tpm cymMm ABAAIOTH CyMy BHYTDINIHIX eHep-
riit BinpHUX aromiB. HacTynni cymMu mpecTaBiIdiOTh
BIJIITOBI/IHO KIHETUYHY €HEpriio sijiep Ta eHepriio B3a-
eMo/ii eleKTPOHIB Ta sjep (enepris MixaToMHOI B3a-
emoniil). Ocrannio nosHadumo sk U(R,r), a B cymi
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3 KiHETUYHOIO €HEpri€lo sJep BOHA € €HEpPri€io pyxy
anep. TakuM 9MHOM, MAEMO TaMLIbTOHIAH CUCTEMU:

H=H,+H, (4)

ne Hy = Y Hj — cyma raMiibTOHIaHIB BIIbHUX aTo-

MiB, Ta
~, P2
H:ZerU(Rr) (5)
Jie
o2 62
U(R,r) = Z _ 4+ —X
( Z |Rk_Rl_rzl|

ikl

1 e? 72 1
x> 5

By IRy + i, — Ry —rjif] 2 IR; — Ry|
€ eHEepriero Mi2KaTOMHOI B3a€MO/III.

Bukonaemo meski HAOIMKEHI CIPOIIEHHS Y BUPa3i
nag U(R, ), BpaxoBytouu re, 1o |Ry — Ry| # 0 1 mi-
HIMaJIbHO MOXKe JIOPIBHIOBATHU BiJICTaHI MiXK CyCijHi-
mu aromamn, tak mo |Rg — Ry| > |r;], [r; — r;|. Toxi
MOKHQ, 3HEXTYBATH 3AJIEXKHICTIO Bif ¢ Ta j B 3HAMEH-
HPUKAaX Ta BUKOHATU MiJCYMOBYBAHHS IO ¢ Ta j.

Orpumaemo

e2Z? 2
U(R,7) = — -
( ,T) 2 |Rk—Rl—I‘l|
k#l

1 1
_|Rk—Rl+I‘k—I‘l| B |Rk—Rl|

(7)

[Ipoanamnizyemo Bupas g U(R,r). Tyr € tpu Ky-
JIOHIBCBHKI CyMU, KOXKHA 3 IKUX MPEJCTABIISAE PAJI, IO
posxomuTthes. [Ipore, Ay mOCTATHRLO BETUKUAX BiiCTa-
ueit, ko |Ry — Ry| > |ry], |r; — r;| yci tpu nomanku
B3a€EMHO KOMIIEHCYIOTHCH, IO i CBim4nTh mpo obme-
xkenictb U(R,r). Binbiie roro, Moxkaa roBoputu npo
BIJIHOCHY MAJIiCTh IIi€l BEJMYUHH, SKIIO BPaXyBaTh
TeopeMy PO BipiaJsi, 3riIHO 3 SAKOIO CepeTHE 3HATECHHS
MTOTEHITIAJIBHOI €HepTil B CHUCTEeMi YaCTHUHOK, IO 3B’s-
3aHi KYJIOHIBCHKOIO B3AaEMOJIIEIO, KiJIbKICHO JIOPiBHIOE
Mo/IBiliHi KiHeTU4Hil eHeprii.

OckibKY KiHETUYHA €HEpris siep MaJia MOpPiBHs-
HO 3 KiHETHMYHOIO E€HEpTi€i0 eJIeKTPOHIB, TO ¥ MMOTEeH-
ujanbua enepria suep U(R,r) mana B nOpiBHAHHI 3
€JIEKTPOHHOIO eHeprieo, Tooro U (R, 1) < Hy, mio i
JI03BOJISIE€ BUKOPUCTATU CTAHIAPTHY TEOPilo 30ypeHb.
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Marfoun 1e Ha yBa3i, pO3IJIAHEMO 3MiHy eHeprii eje-
KTPOHIB y aroMi mpu “BMUKAHHI" B3a€MOIII.
Pisusana lpeninrepa g cucremu:

(ﬁo n ﬁ) (R, ) = Bp(R, 1), (8)
e

—Z—+UR7') (9)

PO3IJIAIAETHCS TeTep sIK MaJie 30ypeHHs.
Pisuauna lpexinrepa He30ypeHOI cHUCTEMH I1JTs
BJAaCHUX (PYHKII Ta BIACHUX 3HAYEHDb OyIe:

Hyy (R,r) = Epyy (R, 7). (10)
OckinbKu ramMiibTOHIAH ITIO ABJISIE CyMYy TaMiTbTOHia-
HIB BIIbHUX aTOMIB, 8 XBUJIbOBA (DYHKIIA — T0OYTOK
aromuux dynkiiit, o ES € cymoio enepriii okpemux
aroMmiB y n-my crani, robro EY = Y, €% mo ans
OHAKOBUX aTOMIiB JOpiBHIOE N 52, ne N — 9ucjo aTo-
MiB, a €2 — eHepris OKpeMoro aToMa B n-My CTaHi.

JKII0 B HyJbOBOMY HAOJMMKEHHI [IJIsT XBUJIHOBOI
byuxuii B3aTu Baacuy dyuknio ¢ (R,7) BibHUX
aTOMIB, TO B IIEPIITOMY HAOJIMKEHH] JJTsT TOIIPABKH 10
emeprii OyzemMo MarTu:

/¢0* (R,r)U(R,r)Y°(R,r)dr = Up,(R). (11)

TyT ypaxosano, mo 0 (R,r) 3amexutb Bin R gk
BiZ mapameTpa, KOTpwuil juire HymMepye aromu. Bra-
CJTi/TOK Y0TO OTepaTOpP KiHEeTHIHOI eHepTil a71ep KOMY-
tye 3 Y0 (R,r), i MOxKe GyTH BUHECEHHM i3-TIi/I 3HaKa
. . 0 2
inrerpaja. A iHTerpyBaHHs BUPA3Y |z/)n (R,r)| mo r
Jla€ ONWHMUIIIO, IO TPUBOJUTE JO TAKOTO Pe3yIbTaTy:

P2 0 2.
Zm/wn(z{,m dr = 0.

Buauennsa eneprii K, B cucTeMi B3aEMOIIHHIX aTOMIB
pu 1IboMy Oye:

(12)

Bazuauumo, mo Uy, (R), aBise noasiiiny cymy mo
BEKTOpaX, 3aJIeKUTHh BiJl IXHIX PI3HUIL, IO TO03BO-
JISIE TIEpefiTH JI0 CYMU 110 Pi3HUILX 3 BiIMOBIIHUM J10-
MHOKEHHSIM CYMH Ha KLTbKICTb BEKTOpPIB, TOOTO HA
KimbKicTh snep N (rounime — ma N — 1). BasHa-
qumo, 1o norerniag U (R, r), 3aBAgKu HAsBHOCTI B
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HBOMY KOODJIMHAT EJIEKTPOHIB, MOIIOHOIO BJIACTUBI-
cTi0O He BOJIOZi€. TakuM YMHOM, MOXKEMO 3aIUCATH:

Unn (R) = LUS,, V = Nv - 06’em kpucrana, v —

06’eM ejleMeHTapHOi KoMipku, a U, = < ¥ Unn (R) i
: ) s OUnn(R) _ VBUM 01

He 3a71eKuTh Big 00’emy. Tomi BR: = v ol IR

e [; — BeKTOp I'paTKH, IO € PI3HUIIEI0 BEKTOPIB i-I'0
By3Ja Ta By3Ja B MOYATKY KOOPIWHAT.

OTpumMana momnpaBKa 10 eHeprii enekTpoHiB U,
GYHKITIOHATBHO 3a7I€KATh Bil KoopauHat saep. Bo-
Ha ABJISI€ CODOI0 €HEPrifo B3aEMO/Iil aToMiB, a i1 moxi-
JIHI 110 KOOP/IMHATAX sfep JA0Th BUPA3U JJIs CHJIO-
BUX CTaJUX BiAMOBIIHOTO TOPSIKY. ¥Y3arajabHIOIYN
reopemy lesmmana—®@eitamana [2] npo audepermio-
BaHHS €HepTil o KOOpJAWHATaX aTOMiB, a came, BU-
KODUCTOBYIOUM J0Be/ieHy aBTopoM [3] Teopemy npo
I epeHIiioBaHHsa eHepril CUCTEeMHU 10 KOOPIMHATAX
aTOMIB y TOBITHbHOMY OPSAIKY, MOYKEMO HATUCATH BU-
pa3 JjId CUJIOBUX CTAJIUX JTOBLILHOTO TMOPSAIKY M

0" Uy / o0 () 2V 1)
Ry OR}”

o™U (R,r)
B 8RZL nn,

M0 3 ypPaxyBaHHIM CTATUCTHIHOTO YCPETHEHHS Ha-
OyBa€ BUTJIALY

0" Unn _ (0™U (R, 1)
oRy \ ORp ) -

Yo (R,r)dr =

(14)

(15)

2. Enepris pyxy sjaep
Ta ajglabaTnuHe HaOJIM>KCHHS

Posrasguemo Toune pisasguus [lpeniarepa misa 6ara-
TOATOMHOI CHCTEMH:
(Ho + H) ¥ (B,r) = B¢ (R,1). (16)

[MTykauuii po3s’sa30k ¢ (R, 1) pO3KIaIEMO 3a BJIACHU-
mu dyHuKIigsmu oneparopa Hy, To0TO

- Y

Y(R,r). (17)

Ockinbku

/ 140 (R, )| drdR = 1,

TO

[ RS (@) =1
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i
an(R) = / WO (R, r)(R, r)dr.

Mincrasumo poskiazn (17) y piBusanua HIpeninrepa:
Hy Z an (
=F Z an (

JIOMHOXKHUMO Ha
Orpumaemo

R (R,7) +H Zan Y2 (R,7) =

R) ¢y, (R,7). (18)

9% (R, r) Ta NpOiHTErpyeMO Mo T.

ZanE 5nnr+Zan/z/) (R,r) H'z/) (R,r)dr =
_Ezan nn'

abo

Sew [ 003
y / W0 (R, r) U (R, ) 40 (R, r) dr =
= (E — Eg;) Qp .

(19)

P2
)Z%¢2(R,r)dr+2anx

(20)

BpaxoByounm KOMyTOBaHICTH KIiHETHYHOI €Heprii 3
z/)?L(R, ), OTPUMYEMO

Z —an + Zan nn' (E - E’I(’)L) G, (21)
k
abo
P2
Z man + Upn(R)ay, + Z Unn (R) apn, =
n'#n
=(E-E))a (22)

KO 3HEXTYBATH B IIbOMY DiBHSIHHI HeiaroHaJIb-
auME ejiemedTaMu Uy (R), TO OTPUMAEMO PIBHSHHS
i an(R) y Burasiai

P2
(Z o+ Unn(R)> Un = Enln, (23)
e
en=E—ES. (24)

Orpumane piBugaus s a,(R) € piBuanaam [pe-
JiHTepa I XBUIOBOI (DYHKIIT f1epHOI miacucTemMu:
Hga,, = cpan, (25)
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Ae -
2

- P;
Hp = Z o7+ Unn(R).

3ayBaxK1MO, M0 PO3IiaeHHs (DYHKIIH, SKi OMUCYIOTh
cTaHu eJeKTPoHHOI Ta anepHoi migcucrem ( H¢Y =

(26)

= E%Y i Hpa, = epayn ) 30ilCHIIOCS 33 YMOBH Ma-
JIOI BEJIMYMHU HEJIIarOHAJIbHUX MATPUYHUX €JIEMEHTIB
eHeprii B3aeMo/ii HA XBHUJIBOBUX (PYHKINAX BLIBHUX
aTOMIB.

Heniaronaasuicts marpumi U,,s 3B’d3aHa 3 HEOp-
TOTOHAJILHICTIO ATOMHUX XBUJIbOBUX (DYHKIIN Ha, pi-
3HUX aromax. Jkmo nin agiabaruvHuM HaOIUXKEeH-
HSM PO3YyMITH TaKWil PO3/iJIbHUIN OIKUC CTAHIB eJjie-
KTPOHHOI Ta, siJIEPHOI IiACUCTEM, TO B MOJIEJI CUITbHO-
T0 3B’s13Ky BOHO BUKOHYETHCsI 38 YMOBU Uy K Uy
HeszanexxuicTh onmuCy €TeKTPOHHOI Ta, AIEPHOI MiICH-
CTeM HaBiTH NPM BUKOHAHHI YMOBH a/1iabaTWYHOCTI
SIBJISIETHCS, OJHAK, BIIHOCHOK. A caMme, IOTeHIiajlb-
Ha EHEPTis PyXy s/iep € yCepeIHEeHO TOTEeHITiaIbHOIO
€HEepPrielo CUCTEMU MO eJIEKTPOHHOMY CTaHY, & XBUJIbO-
Ba (DYHKIIiS CTAHY sIIEPHOI MiICUCTEMU 3aJIEKUTD Bif
KBAHTOBOIO CTaHY EJIEKTPOHHOI MifcucTeMu. 3a3BU-
qait 11e Ma€ OyTH OCHOBHMI CTaH €TeKTPOHHOI ITi/ICH-
cTeMu, SIKIO B CUCTEMi HEMA€ 3HAYHUX 30ypeHb, 110
3/1aTHI BUKJIMKATH €JIEKTPOHHI [epexXo/iu.

SayBazKuMo, IO BIIEPITIE TEOPif0 a8 iadaTUIHOrO Ha-
6mzkenHst po3pobus M. Bopw [1]. IIpore, npu BUKO-
puctanHi Teopii 30ypeHb Oy10 3p0OJIEHO MEBHY HEKO-
PEKTHICTH, SKa IMOJAra€ B TOMY, IIO B POJIi MAaJOro
30ypeHHst OyI0 MPUIHATO KiHETHYIHY €Hepriio saep,
a He TIOTEHTIIaJIbHY eHEPTilo B3AEMO/IiT, X0Ua OCTAHHS,
3TiJIHO 3 TEOPEMOIO TIPO BipiaJj, Mae TOi caMwuii mops-
JOK MAJIOCTi, 110 i KiHeTUYHa, eHepris.

Bracaizok 1mporo 0ysi0 OTpUMAHO 3aHAITO KOPC-
TKUil 1 MaIompaBIonoAi0HNi KpUTepiit agiabaTuaHo-
CTi y BUIVISIII TAPMOHIYHOTO HAOJIUKEHHS I PYXY
SITEPHOT TTiIcucTeMu, TOOTO adiabaTUIHICTh CJIiTyBa-
HHS €JTEKTPOHIB 3a PYXOM $IJIep BUSABHUIACS 3aJI€ZKHOIO
BiJI XapaKTepy pyXy sJ/€ep, a He BiJl KBAHTOBOI'O CTaHYy
OO PYXY.

Cupobu 3najitu Ginbin npuiiHdATHI KpuTepii asia-
6aTUIHOrO HAOJMKEHHS BUKJIAIEHI B IMiAPYJIHUKAX
3 kBanroBoi Mexaniku (JI.U. Tnay6epman, A.C. a-
BUJIOB) 1 CIUPAIOTHCSA BOHU HA, YMOBY HEKOMYTATHB-
HOCTi ollepaTopa KIiHETHMYHOI eHeprii sjep Ta XBHU-
JbOBOI (PYHKIIII €TeKTPOHHOI MHiACHCTeMH, IO 3aje-
JKUTH BiJl KOODAWHAT s1ep He (YHKIIOHAIBHO, & Ta-
pamerpuuHo. 1[I0 yMOBY MU BBaXKa€MO XUOHOKO, THM

ISSN 0372-400X. Vxp. ¢is. orcypn. 2014. T. 59, N 8

made, 10 BOHA BCTYIA€ B MPOTUPIYYs 3 TEOPEMOIO
Tlenmvana—@eitnmana mpo audepeHItiioBaAHHI eHepril
faraToaTOMHOI CHCTEMH [0 KOOPJUHATAX ATOMIB [2].

[Mopanpmmit awmamiz piBugauaus Illpeniarepa ams
SJEPHOI Ii/ICUCTEMU BUKOHYEMO CTAHIAPTHUM CIIOCO-
6om. Posknagaemo U,,(R) 10 Manux 3MilleHHAX
SJIEP BiJl IOJI0O2KEHb PIBHOBAI'U:

Upn (R) = Uy, (Ro) + E ——u; +
- ORy,
O?Upn ( Ro)

OROR, (27)

——— = upu + ...,

ne depe3 Ry mo3HadeHa piBHOBakHA KOH(Irypairris
Anep, I AKOI 1 O0YIUCTIOITHC YCi cTasl pa3KIary.
Y rapMmonidHOMY HAOJIWKEHHI 3 ypaxyBaHHSAM IIe-
PETBOPEHHS HA HYJIb MEPIIOl MOXi/IHOI MOTEeHIIaJILHOL
eHeprii Mo KOOpAWHATAX aTOMIB Yy PiBHOBaXKHiil KOH-
diryparii magmo
Upn (R) = Upi (Ro) + M

2 — OR.OR; (28)

upuy,

110 JI03BOJISI€ 3aIUCATH PIBHAHHSA 11 4y, (R) y rapmo-
HiYHOMY HAOIMYKeHHi, No3HAYMBIIH a,, (R) gk al(R)
B TaKOMy BHPJIsmi:

82U (Ro) .
Z oM T2 Z oROR, %) () =

= Enla’?z (R)7
e

(29)

Enl = &p — Unn (Ro) (30)
Orpumane piBHSHHS $BJIS€ CODOIO BijjOME pPiBHSIH-
Hs IS XBUJIbOBOI (DYHKINI OaraTroaroMHOI cuCTe-
MH B CcTaHi KoamBajgbHOrO pyxy. llicaa mepexomy
JI0 HOPMAJIbHUX KOJIMBaHb I'aMiJIbTOHIAH ITEPETBOPIO-
€ThCs B CyMy I'aMiJIbTOHIAHIB He3aJ€:KHUX TapMOHI-
YHUX OCIUJIATOPIB.

[To3HauuBmIA raMiJIbTOHIAH TapMOHIYHOTO HAOJIU-
KEeHHS depe3 ﬁ%, 3anuIeMO PiBHSAHHS IJIT TapMO-
HIYHOT'O OCIIMJISITOPA:

HRa‘nV = Eny a‘?w: (31)

Jie V — KBAHTOBE YUCJIO OCIIAIATOPA, TOIL

Enl = ngf =En — Unn(RO) =

=E—E° — Upn(Ro). (32)
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Bianosinno

E =E)+ Unn(Ro) + Y nv- (33)

Juunamika TBEPIOrO Tijla B TApMOHITHOMY HAO IHMKEH-
Hi BUBYEHA AOCTATHBOHO I'DYHTOBHO, IO [I03BOJIHMIIO
BU3HAYUTH BHECOK KOJIMBAHb I'DATKA B TEPMOIMHA-
MiYHi BEJIMYUHU TA B JIESKi TEILJIOBI BJIACTUBOCTI KPH-
craiis [4], 30KkpemMa TerIoeMHICTh TpH cTaIoMy 06’eMi
C,. Ilpore 1ot baxT, MO MOTEHITIAIHLHA €HEPTis pPy-
Xy A7ep SIBISETbCSI YCePeTHEHUM IO eJIEKTPOHHOMY
CTaHy 3HAYEHHsM OIepATOpPa MOTEHIIAJbHOI eHepril
cucremu Uy, (Rp) B piBHOBaxKHi#l KoHirypaiil nam
3maerhesa HemoomineHuM. CTporo KaxKydw, siK BCs-
Ka CIIOCTEpeXyBaHa (i3WdHa BEJMYMHA, BOHA MAE
OyTH ycepenHeHa He TiIbKM KBAHTOBO-MEXaHIUHO, a
i crarucTudHo. A TepMmiH “piBHOBaXKHA KOHMIrypa-
mig’ Ma€ BiAHOCHTHCHL JO TEIIOBOI piBHOBaru. Tosmi
CTa€ OYEBUIHMM, IO i caMma PiBHOBaXKHA KOH@Iry-
parlis 3 TPpUYUHA TEMJIOBOTO PO3MTUPEHHS 3aJI€KUTh
Big Temneparypu. B nunamini rparku, mo Oymy€eTbCs
Ha PO3KJIa/IaHHI TOTEHIiaIbHOI eHepril 10 MaJIuX 3Mi-
MIEHHIX aTOMiB, yCEpeIHEHiH 110 eJIeKTPOHHOMY CTa-
Hy (Take ycepelHeHHs HEBLIBOPOTHE LPU DPO3JLJIEH-
Hi €JIEKTPOHHOIO Ta KOJMBAJBLHOIO CTAHIB), CTATUYIHA,
enepria Uy, (Ry) He Bimirpae cyTTeBoi poui i craru-
CTUYHE yCepeTHeHHS BUKOHYETHCA TiMbKHU HaJ, KOJIW-
BAJILHOIO €HEPriel0. 3a HAIIUMU MipKyBaHHSMHU, CTa-
TUCTUYHE yCEePeIHEHHS CTATHYIHOl YACTUHU ITOTEHITi-
aJIbHOI eHeprii Ma€ PO3KPUTH i1 TeMIepaTypHy 3aJe-
JKHICTb BiIMOBiIAIBHY, 30KpeMa, 3a TEIJIOBE PO3IITH-
PEHHS TBEPJOrO Tila Ta, MOYKJWBO, 3a €TeKTPOHHUMA
BHECOK y TEIJIOEMHICTH KPHUCTAIA.

3. AHaJIi3 TemIoBuX
BJIACTHBOCTEll TBepIMX TiJ

[Tin TertoBUME BJIACTMBOCTSAMH OyIeMO pO3yMiTH,
epI 33 BCE, TEIJIOEMHICTH Ta KOEMIIieHT Termio-
BOrO pOBIIupeHHdA. TepMOIUHAMIYIHO I1i BJIACTHBOCTI
BUBYEHI JOCUTH I'PYHTOBHO B PAMKAaX MOXKJIMBOCTEM
TepmoauHamiku. IIpore KinbKicHAE PO3PAXYHOK MHAX
BJIACTUBOCTEH BiHOCUTHCS 10 chepr KBAHTOBO-CTA-
TUCTUYHOI TEOpili.

Po3paxyHok 1ux BIacTHBOCTEH MOB’si3aHMil 3 00-
YUCIEHHAMU €Heprii CucTeMu Ta i1 TMOXiTHUX MO KO-
opauHaTax sifep. Taki po3paxyHKH CTAOTh [PUHIU-
[IOBO MOXKJIMBUMU $IK y 3B’#3KYy 3 MOKJIUBICTIO y3a-
rajgpHeHHsa Teopemu [eanmvana—®eitamana mpo ande-
PEHIIIOBAHHA eHeprii 6araroaToMHOI CHCTEMH TI0 KO-
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OpaMHATAX aTOMIB 0e3 auepeHIifoBaHHs XBUIbOBIX
dyHKIH, TaK i B 3B’43Ky 3i CHPOIEHHAMEH BHPA3y
s eneprii B3aemomii U (R, ).

3anuiemMo eHepriio pyxy siiep y rapMOHIYHOMY Ha-
OIMKEeHHI:

El = Unn (RO) + ZEV' (34)

TyT Ta B mMOJAIBITIOMY iHJIEKC €IEKTPOHHOTO CTaHY N
upu €, OymeMo omycKaTu.

OckinbKH crOCTEpEKyBaHUMU BEJTMIMHAMU B Oy 1b-
AKIM CHCTeMI sIBJITIOThCsI KBAHTOBO-MEXaHI1HO T, CTa-
THUCTUIHO yCEePeTHEH] OImepaTopy IUX BEJIMIUH, TO He-
00Xi/THO BUKOHATH TAKOXK CTATUCTUIHE yCEPETHEHHS
BemunHu Fp, TKe MU yMOBHO TTO3HAYMMO PUCKOIO HAJT
CHMBOJIOM BEJIUINHM:

Ey = Unn (Ro (7)) + »_ 2, (T). (35)

Buacaimok Takoro ycepeIHeHHS cepeIHi 3HAYeHHS Be-
JINYWH OTPUMYIOTh 3aJI€’KHICTH Bim Temmneparypu 1.
ITpu upomy &,(T) 3a/meKuTh Bix TEeMIepaTypu siBHO,
a Upyp(Ro(T)) — nestsuo. Iosunauumo Y, &, (T) uepes
E; 1 3ayBaxkumo, 110 11e 100pe Bimoma eHeprisi KoJim-
BAJILHOTO PYXY sJiep, 10 € TEILJIOBOIO €HEPri€ro Tija,
fAKa, B 3HAYHIH, MPOTe He B MOBHil, Mipi BU3HAYaE HOro
TerI0Bi BiaacTuBocTi. IIponoprionaabHy 3aeKHICTD
i€l emeprii Big 06’eMy KpUCTaIa MOXKHA BUSIBUTH IIPU
miicyMoByBaHHi 110 ¥ = j, K, 1e j — HOMep Tiiku HOp-
MAaJbHOTO KOJUWBAHHS, K — HOro XBHUILOBHUIT BEKTOD,
FYCTHHA CTAHIB 1O SKOMY MPOMOPILiOHAIbHA 00’eMy
kpuctaya. Tomy moxkemo 3ammcarn: Ej, = VE,S, e
E} we 3anexuts Bin 06’emy. Takum 9uHOM, eHepris
SJEPHOI MiJACUCTEMIA E, BusBmiacs TaKOI0, 10 CKJIa-
JIAETHCA 3 TEIJIOBOI €Hepril Ta eHepril B3aeMOJIil g/1ep
y meBHiit koudirypamii. {0 craruany eneprio mo-
KHA BBAKATU MEXAHITHOIO, XO0Ya I€ PO3XOIUTHCA 3
JIyMKOIO, TIPaBJa, He JOBEIEHO0 [5], 10 BHYTPINTHIO
€Heprilo KpHUCTaIa HEMOXKJUBO IMOJJIATA HA TEILIO-
By i mexamiuny. Ha mamm mormsm, came Iisi CKIa 0Ba
eHepril BU3HAYAE yCi MeXaHivHi BJIACTUBOCTI TBEPIOTO
Tija, a il TeMmepaTrypHa 3aJeKHICTh BU3HAYAE TEM-
MepaTypHY 3aJIeKHICTh MEXaHITHUX XapaKTEPUCTUK
TBEPJOrO Tijia, TAKUX K, HAIPUKIAI, MOIYJL HpYy-
KHOCTI Ta iHie. B momabIoMy jist CIPOIIeHHs Mo~
3HaYeHb nokKjauemo By = E.

3acTepekeMo, M0 CTATUCTUIHE YCEPETHEHHS OB~
HOI eHeprii kpucrajga E; 10 KaHOHIYHOMY PO3ITOJi-
ay I'i6bca He € MOXKINBUM y 3B’43KY 3 Bim'eMHUM 11
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3HAYEHHSIM, [0 XaPAKTEPHO /JIsi CACTEM 3B’s3aHUX

YaCTUHOK. ¥ TO¥ cammuil 9ac MOXKJIMBE YaCTKOBE ycCe-
PeIHEHHS AOAATHOI 11 YaCTHHU, TKOIO € KOJUBAJIHHA
enepris [4]. Taka MOXKJIMBICT 3aKJIa/I€HA B CTPYKTY-
pi KauonigHOTO po3noainy ['ibbca, ska momyckae iioro
dakrTopu3ariio 3a pizHuMEH THIaMu eHeprii. Bix’em-
HicTb exeprii F; Burikae i3 Teopemu mpo Bipias, 3ri-
mo 3 sikoio By = —K, me K — cepennst KiHeTmdaHA
€HepTiss YaCTUHOK.

3 immoro 6oky, Ey = 2K, i Bigmosimno, K =

=1/2%5,.

v

Yeepeauennst Uy, (R) Bce x MoxkmuBe x04a 6 Gop-
MaJIbHO, AKINO BUKOPUCTATH MIKPOKAHOHIYHWI PO3-
momis ['ib6ca, BBakat04In TBEPIE TiI0 3aAMKHYTOIO CH-
CTEMOIO, 1[0, HA HAIl MOV, HE € 3aHAJATO YKOPC-
TKUM TPUIYIIEHHIM. ¥ 3aMKHYTi#l cucremi eHepris
30epiraerbes, IO BiAOOPAXKAETHCA B AEIbTABUIHO-
My posnomiii ['i66ca, sxe mae urisyg 6(Upy,(R) —
wn(R,T)) [6]. Hopmytounii MHOKHUK TYT Biacy-
THilf 3 MIpKYBaHb JE€TEPMiHOBAHOCTI KOODJIWHAT aTO-
MiB y I'paTiii i BiIOBIAHOI JeTepMiHOBAHOCTI eHepril
B3aEMO/Iil, 3 KOl BUJIY4YE€HO HEJIETEPMIHOBAHY 4aCTHU-
HYy y BHUIJIAIl TemIoBol eHeprii. TaknM amHOM, MaeMO

wn(R,T))dR =

n(R) -
Unn(T).

Jasti, 3pobuMO TPUTTYIIEHHsI, Ha HAI TTOTJISA, He [MO-
30aBJIeHe TMPAB/IOMOIIOHOCTI, IO B 3B’A3KY 3 3aJIEXKHi-
crio Upy(R) amine Biz BEKTOPIB IPATKH, CTATUCTHU-
9HE yCepeIHeHHs IIPU3BEJIe /10 MOSBU TeMIeparyp-
HOI 3aJIe?KHOCTI TLTHKW BEKTOPiB rpaTku. IIpm nbomy
B 3B’sI3KYy 3 THM, IO, 3a3BUYail, CHMETPis KPUCTAJIA
30epira€ThCs B JOCUTH IITUPOKOMY iHTEPBAJI TEMIIEpa-
Typ, TEMIIEPATYPHA 3MiHA BEKTOPiB I'PATKHU 3BEJIETHCs
10 BiAIIOBimHOI 3MiHK IX JTOBIKHH.

(36)

anumemo
Unn = Unn(R(T)) = U2, (R(T)). (37)
Bignosigro

= (USA(R(D) + E})V, (39)
e
U = L Utn (39
B cBoto uepry, 3riguo 3 [5]:
2—5 = _P. (40)
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Toxi maemo

Uy (R(T)) + B} = =P (41)
i
E=-PV. (42)
BignosigHo MOXKHA 3aMMCATH CITiBBIIHOITEHHSI:

1 _
PV = XV: £, (43)

K€ MOYKHA PO3IVIAATH SK PIBHAHHA CTAHY KPUCTAJIA
B PApMOHIYHOMY HAOJIMZKEHHi. 3a4 BHCOKHUX TeMIEepa-
1yp (fiw, < kT') BoHO 1epexoquTb y BiIOMUIA KJacu-
YHIHU BUPA3:

PV = ;NkT. (44)
Ockinpkn

OF
OP - <6_T>P> (45)
. ov
Op = _Pa_T (46)
3 inmoro 60Ky,

0 _ dUpn,
Cp=5r XV:SV + = (47)
VY cBoro 4epry,

no_ Z OUpn dRy, (48)

ORy dT -~

OCKiIbKH [IPU TEIJIOBOMY PO3IIUPEHHI KPUCTAJ, AK
mpaBuiIo, 30epirae CBOIO CUMETPII0 B IMHUPOKOMY iH-
TepBaJIi TEMIIEPATYP, TO OYAEMO BBAXKATH, IO BEKTOP
dR, 36iraeThcs 3a HAMPAMKOM 3 BeKTOpOM Ry.

Homuoxkumo Ta moaiinmo Ha Ry Bupas min 3nakom
cymu. Orpumaemo

n OU,., Ry dR
=Y SRR (49)

ORy, Rk dar -
MozkHa moka3aTu, 0 BiTHOITEHHS R%e dd};l“ st KyOi-

YHOrO KPHUCTAJIA He 3aT€KUATD Bi k 1 AB/si€ COOOIO KO-
edilieHT TemI0BOro MHINHOTO PO3MKUPEHHS, AKWiT Oy-
JIeMO TTO3HAYATH K (v1 HA BIIMIHY BiJT o, AKUM TTO3Ha-
9uMO KOediIieHT 00’€MHOrO TEIIOBOTO PO3ITUPEHHS.
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1.0. Mapywxo

BayBaxkumo, 1mo koedirmienr a; 3B’a3anuii 3i craru-

YHOIO (eJIEKTPOHHOIO) YACTHHOIO [IOTEHIIAIbHOI eHep-

il i #Oro OLIBINT TOYHO CJIiT HA3WBATHU €JIEKTPOHHUM

BHECKOM Yy TEIJIOBE PO3IMIHUPEHH, MAI0O4H Ha yBa3i Mo-

KuBui (POHOHHUI BHECOK, PO3PAXYHOK SIKOI'O BUMa-

ra€ BUXOIY 33 PAMKH FaPMOHIYHOIO HAOJIUIKEHHS.
MaeMo

Tnn _ oy Z aRk (50)
Benemo nosnagenns:
aUnn
Ann = R. 51
Ry, " (51)
Toni 3amumemo:
du,
d—z’i” = o Apn. (52)
BiamnosisgHo njig TemmoeMHOCTI:
0
Cp = 8_T Zgu + alAnn (53)
i v
oP 0 o1 OFE} 0g,
Co=~Vor =Var U+ F) = 57 . aT
(54)

Ocranne y3romxyernes 3 [4]. TyT spaxosano, mo U2L
He 3aJIe2KUTh ABHO BiJl TeMIIEpaTypH.

Toni maemo
Cp =Cy+a1dn,. (55)
Abo
CP — CU = OélAnn- (56)

Ockinbku A, HEe 3aJeKUTh SBHO Bij TEeMIEpPaTypH,
. Cp—0C,
TO BIAHOMmEHHS —f—* = App, BUpaXKaiouu 3aKOH
['pronaiizena, 103BOsIE BU3HAYNTH KOEIIi€HT JiHii-
HOT'O TEIJIOBOrO PO3IIUPEHHS:
Cp—C,y
Ann

3a BU3HAYEHHSM sl KyOI9HOTO KPUCTATA (] = %.
3HaitieMo 3a71eKHICTh BEKTOpA I'PATKHU Bij TeMIepa-
Typu:

R(T) =

] = (57)

R(0) ¢ T,

ne R(0) — BekTop rparku mpu abCOIIOTHOMY HYJIL.
Ockinbkn 1T € 1 y BChOMY peasbHOMY Jiana3oHi
TEMIIEPATYD, TO MOKHA TOKJIACTHU:

R(T) = R(0) (1 + a,T).

(58)

(59)
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4. BucHoBok

Baspuyaii [4] mpu nmobymoBi AMHAMIKM TpATKW oOle-
PYIOTH SIKOIOCH AOCTPAKTHOMIO MOTEHIHAJBHOI eHEp-
rieio, gK IesKO0 (PYHKIUED KOOPAMHAT sSAep, Ta i1
MOXIIHUMHU 110 KOOpJIMHATAX J1ep, B3araji He Malo-
9M Ha yBa3i MOXKIUBICTL IX obuwmcienHsa. YK moka-
3aHO B IIiif pobOTi, B AifiCHOCTI MpW OMUCYBAaHHI TH-
HAMIKW siIep B PIBHAHHAX NUHAMIKA (DIrypyroTh ce-
pe/Hi KBAHTOBO-MEXaHIYHI 3HAYEHHS IOTEHIIAJIbHOL
eHepril Ta 11 NOXiJHUX, IO € HACIIJIKOM PO3/IiIeH-
HS PyXiB eJeKTPOHHOI Ta saepHOl mgcucreM. Ta-
Ke DO3JiIeHHSI BUKOHYETbCS B aJiabaTUIHOMY Ha-
O/IV2KEHHI, KPUTEPIEM SKOTO BUSBUJIACA YMOBA, Ma-
JIOCT1 HeJiarOHAJTLHUX MATPUIHUX €JeMEHTIB eHep-
rii B3aemogaii nopisusino 3 aiaroHanbaumu (U, <
U,r). Kpim rToro, npu poskiajansi noreHuiaabHOL
eHepril 3a MaJuMU 3MIIEHHAMA siJIep BiJl MOJIOXKEHb
piBHOBarm HeOOXiTHO MATH Ha yBa3i, MO MOBa e
PO PO3KJIQIaHHS MOTEHIaJbHOI eHeprii, o yce-
peaHeHa Ie # CTATUCTUYHO, IO THACHE 3a CODOI0
TEMIIEPATYPHY 3aJIE2KHICTh HE TLIBKH KOJIMBAJIBHOI,
a # craruanol emeprii U,,, 10 BHU3HAYAE TEILIO-
Be PO3MIMPEHHS, TeMIIepaTypPHE 3MIMEHHS TTOIOKEH-
He PIBHOBAr¥W Ta TEMTEPATYPHY 3aJ€KHICTH CUTOBUX
CTaJINX.

VY miit poboTi CTBOpEHi HEOOXiTHI mepemsyMoBu IjIst
obYMCIeHHS SIK cepenHbol moTeHmiaabHol exeprii Uy,
(3 Bukopucranuam U (R,r)), tax i i1 moxiaHux mo Ko-
opauHaTax gaep (CHJIOBUX CTajIMX) AOBLIBLHOIO IO-
PAIKY.-

OcuoBHOI0O MeTOI0 poboTu GysI0 BUpas3uTu yci j10-
CITiIKYBaHI XapaKTEPUCTUKN TBEPJOTO Tia depes
KBAHTOBO-CTATUCTUIHO YCEPETHEHY €HEPriio B3a€MO-
ait Upp (R) Ta 11 moxi .
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H.A. Mapywxo

K TEOPUU CUJIOBBIX
CTABUJIbHBIX MHOTOATOMHBIX CUCTEM
B MOJIEJIN CUJILHOI CBSI3U (UACTbD IT)

Pezwowme

B pabore B MOmenu CHIBHON CBSA3M MPEICTABIEHO IPUOIH-
ZKEHHO€ BBIDaKeHHue [JJisi dHEePruu KYJIOHOBCKOTO B3aI/IMO,ZLeI';I-
cTBHUS B TBepAoM Teje. [IpoaHaIM3upoOBaHbl YCIOBUA aauaba-
THUYIECKOI'o HpI/I6J’II/I)KeHI/I?I ¥ BBIIIOJIHEH aHAJIU3 KBAHTOBO-CTATHU-
CTHUYECKU YCPEAHEHHOrO [ePBOro (CTATUIECKOrO) WIeHA PA3JIo-
JKEHUS CpeJHell MOTEeHIUATbHOM SHEePruu IO MaJIbIM CMeIeHn-
AM danaep. Takolt aHaJIW3 NO3BOJIUJI OIPEJEIUTH SJIEKTPOHHBIM
BKJIaJ| B TEILJIOBOE paCIIMpeHue TBepaoro tena. Ha ocHoBe aHa-
JIu3a BHYTPEHHe 9HePIuu U TeNJIOBBIX CBOMCTB TBEPAOTO Tesa
MOJIyYeHO ypPAaBHEHUE COCTOSHUS TBEPJOrO Tesla B TapMOHUYE-
ckoM nipubsimkeHnn. COOTBETCTBEHHO HANI€HA CBSI3b TEIJIOeM-
xocreit Cy u Cp, cornacymormascs ¢ 3aKoHOM |'proHaiizena.
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1.0. Marushko

TO THE THEORY OF FORCE
CONSTANTS FOR MULTIATOMIC SYSTEMS
IN THE TIGHT-BINDING MODEL (PART II)

Summary

An approximate expression for the Coulomb interaction en-
ergy in solids has been obtained in the framework of the tight-
binding model. The condition of adiabatic approximation and
the procedure of quantum statistical averaging for the first
(static) term in the expansion of the average potential en-
ergy in small nuclear shifts are analyzed, which allowed the
electron contribution to the thermal expansion of solids to be
calculated. An equation of state for a solid is obtained in the
harmonic approximation by analyzing the internal energy and
the thermal properties of the solid. A relationship between the
specific heats Cy and C), which agrees with the Griineisen law,
is found.
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