Jlekmisa Ne9

OnTnyHi poHOHH.

@®oHOHHU B OJHOBUMiPHOMY KPHMCTAJI 3 IBOMA ATOMAMHM B eJIeMeHTapPHIi
KOMipui.

[Tpumnyctrumo, 110 B OAHOBUMIPHIHM IPaTIll B KOXKHIN €JIeMEHTapHIi KOMIpIIi €
nBa atromu 3 Macamu M, 1 M,
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[TomoskeHHsI €JIeMEHTapHUX KOMIPOK BH3HAYAE€THCS BEKTOPOM pEIIiTKH N = Nna.
3MillleHHsT aTOMIB 13 pIBHOBaXKHHX IoJiockeHb O Ta a/2 B eneMeHTapHIN IpaTIli 3
BEKTOPOM N MO3Ha4YMMO Jjitepamu &,; Ta &, ,. KiHeTndHa eHeprisi BiaXuieHb

aTOMiB i3 piBHOBa)KHI/IX IIOJIOKCHb Ma€ HpOCTI/Iﬁ BUTI'JIS
=iywm &2 =1,2 1
_EZ 2., a=1,2. (1)
n,a

Y rapMoHIYHOMY HaOJMXeHHI TpH OOJIKy B3aEMOJIi CYCIAHIX AaToMiB
MOTEHITIaThbHA €HEPTisl BUPAKAETHCS KBAAPATUIHOIO (POPMYIIOIO

U= g;{ 2(@zn,l - C(n,z)2 + ({n i <(n-a' ,2)2 + (C(n 2 5”""7 ]) 2} ’ (2)

ne [ - koedilieHT, M0 XapaKTepH3ye CWIA B3aeMOAii. SIk TrpaHWYHI YMOBH
BUOMPAEMO PIBHOCTI (LIMKIIIYHI IPAaHMYHI YMOBH):

En,a = n+Na,a ! a= 1’ 2’ (3)

ne N - 4uciao KOMIpOK y KpUCTali.

Oco06mmBO 3BEpHEMO yBary Ha Ty OOCTaBHHY, IO 3MIMICHHS y KOXXHOMY
BY3JIl TPATKH TEIEp € Iie ¥ JTBOBUMIPHUM BEKTOPOM. 3aBISKHU IIbOMY BiJ 3MIIIIEHb
., 3PYYHO mepedTH 10 KoneKTHMBHHMX 3MiHHUX €,(K)A 3a gomomororo

CITIBBIIHOIIICHb:



&a =(M,N)"*S e, (k) A exp(ikn), (4)

ne €,(k)=e,(-k) - nBoBHMipHI BEKTOpH, KOMIIOHEHTH SKHX € IiHCHUMH

NOCTIMHUMK  (YHKI[ISIMH, 10 MJJIAraloTh BU3HA4YeHHIO, K - mpuBeacHMi
XBUJILOBUM BEKTOP, 110 npuiiMae N 3Ha4eHb y mepiiit 30H1 bpiuroeHa. 3 ymoBu
AiicHOCTI 3MimeHb ¢, BHUTIKAe, IO 3aJeKHI BiJ yacy y3arajJbHEHI KOOpIWHATH

MOBHHHI BIATOBITATH YMOBaM
A =A,.

BukopucToByrouH 1110 00CTaBHHY Ta BPaxOBYIOYH PiBHOCTI (BiIMOBIIAIOThH
YMOBaM YHITapHOCTI IEPETBOPEHD

%Zﬂ:exp{in(k —k’)} =y, %Zk:exp{ik(n —n’)} =J... (5)

micoist migctaHoBku (4) B (1)1 (2), orpumaemo:

K =236, (e, (AA, U= T Dy(ke, (e, (AA,, a.f=12 ()

k.a,B8
ac

Diy(k) =45 /m, D, (k) =451m,, (7)

Dyp(K) = Din(~K) = D (k) = 22— (1+ exlika))

Jmm,

- MaTPHYHi ENEMEHTH TaK 3BaHOI cuioBoi marpumi D, (K).

Sk 1 Ha momepenHil JeKIli, BUKOPUCTOBYIOUH OTPUMaHI BUpa3H, CKJIAIEMO
¢ynkito Jlarpanxka

L=K-U.

Toni piBHsHHS Jlarpanika

dfoL) oL .
—|— |-=—=0, g=¢,(k)A,
dt[aq) 0q = A



HaOyBalOTh BUTJTISIAY:

e, (K)A +>"D,;(k)e; (k)A, =O0. (®)
B

[{s cucrema mudepeHItiaTbHUX PIBHSIHB 32 JOTIOMOTOIO IMiICTAHOBKHU

A == (K)A

MEPETBOPIOETHCS HA CUCTEMY JIIHIMHUX OJHOPIAHUX aireOpaidHuX PiBHSIHB MO0
HeBimomux ¢ynkuii €,(K)

o (k)e, (k)= >, D,s(k)es (k) =0. (9)
B

YMoBa pO3B'SI3HOCTI 111€1 CUCTEMH PIBHAHb 3BOJUTHCA JO PIBHOCTI HYIIIO
BU3HAYHUKA

D, (k) — & (k)] = 0. (10)

BukopucroByroun nani sBHI Bupasu Juis Komnonentis marpuii D, (K), merko

3HAWTH HACTYIHI ABa BUpa3u jis yactotH & (K) a7 KOXKHOTO 3HaueHHs K

_opl Lo | Lo 4 pka
aé(k)-Z,BL{ﬂ 1) \/,U2 Mleslnz 2}, (11)

ne S=1,21i yu=MM,/(M,+M,) - npuBeneHa maca ABOX aTOMIiB.
JIBi pi3Hi (QyHKIIT BU3HAYAIOTH JABI Pi3HI T'JIKM KoiuBaHb. IIpun ka<l mi

(byHKIIT MatOTh BUTJIAL:
- ka 45 | (12)
2\M,;+M,

o Bl 2 gpka|_ LB
@, (K) 2\/;{1 M1+M25|r122} n

. 2 @.

_ |48
o,i(k)»-\/ sin >

M,+M,

Takum yrHOM Gaunmo, mo Burisin Gysakmii ¢ (K) y rpanumi ka <1 36iraerbes 3

BUTJISZIOM, IO XapaKTEPHU3y€ YaCTOTH aKyCTUYHUX XBHJIb 13 OJHUM aTOMOM B
eJIeMEHTapHIM KOMIpIIi, SKIIO BBAXKATH, 1110 Maca IIbOT0 aToMa JIOPIBHIOE CyMi Mac

M,+M,. Tomy & (K) Ha3uBaeTbcs aKyCTHYHOIO TUIKOIO KOJMMBaHb. DyHKIisA



@, (K) xapakTepu3ye KOJMBaHHS, 4YacTOTH SKHX HE TPSMYIOTh 1O HYIS IpH

HaOmmkeHHi K 1o nenTpy 3onm Bpimmoena. Bonu Bu3HA4YalOTh ONTHYHY T1IKY
KOJIMBaHb. XapakTep 3arajibHOI 3aJ€KHOCTI IUX (YHKI[I 300pakeHO Ha PUCYHKY.

L

m{k} ONTHYHWA

AKYCTHUYHMEH

e

-n/a 0 k— n/a

[TincTapnsroun Terep 3HAWIEHI BHpasW IS dYacToT y piBHAHHA (9),
OTPHUMAEMO PIBHSHHS IS BU3HAUeHHs QyHKmin €,4(K)

Wk (K)e,s(k) =D Dys(k)ess(k) =0. (13)
B

Po3B’s13KH, 110 BIAMOBIAAIOTH PI3HUM S, OPTOTOHANBHI Mk c00010. Lli po3B’ s13ku
BU3HAYAIOTHCA 3 TOYHICTIO /O MOCTIHHOi, fika MO)Ke OyTH 3HaiiieHa 3 yMOB
HOpMYBaHHS

€s(K)es (K) = O - (13)
2

BuxopucrtoByroun piBHsHHs (13) Ta sSBHI BUpa3u JJIA €IEMEHTIB CHJIOBOT MaTpPHIII
D,;(K) , mpuiinemo no HacTynHoro Bupasy

00 m’g-aé(k)}

BigHOIIIEHHS % aMILTITY 1 3CYyBIiB BiAMOBIAHO 70 (4) M1a€ThCs BUPa3oM

(@(k)} _es(k) YM, (15)
£2(K) s e(k) M,

3a Mmanux Ka <1 BiJIHOIICHHS aMILIITY/] 3MIIICHb B aKYCTUYHIH Tl KOJUBaHb

(Enl(k)J :1>O
$n2(K) Joe |




TOOTO, aTOMU B OJIHIM €JIeMEHTapHIA KOMIPIll KOJIMBAIOTHCS B OJTHOMY HaIPSMKY.
B ontuyHii Tl KOJIMBaHE MAEMO Y TOMY K HAOJIM>KEHH1

£00) M, o
fnz(k) opt Ml

[Hakmie Kaky4w, y JaHOMY pa3i aTOMH 3AIMCHIOIOTh KOJHMBAHHS B Pi3HUX
HampsIMKax 3 aMIUTTyJaMH, 3BOPOTHO MPOMOPLIHHUMHU iX MacamM. B ioHHHX
KpUCTaJIaX JI0 €JIeMEHTapHOI KOMIPKU BXOJSTh 10HH 3 MPOTHJICKHUMH 3apsiTaMHU.
ToMy onTHyHI KOJMBAHHS TMOB'SI3aHI 3 BEITUKOI 3MIHOKO JMIIOIHHOTO MOMEHTY
KOMIpKY. BoHM BH3HAuYalOTh ONTHUYHY IMOBEAIHKY KpHUCTajga y IIA TUII 4acToT.
OcranHs oOcTaBUHA 1 BUIIPABIOBYE HA3BY Ii€1 T'JIKHA KOJIUBAHb.

[lepeiinemo Temep A0 KBaHTYBaHHS PO3MVISHYTOI CUCTEMHU. BiamoBigHO 10
MpoaHaIi30BaHUX PO3B’S3KIB KIHETHMYHA Ta TMOTEHIllaJbHA €Heprii MOXyTb OyTH
3alyCcaHl y BUTJIAII:

K=2 3 eelesAdh, af=12 (16)

k,a,S,S

=~ % Dy(keses (KA,

k,a,S,S

3 ypaxyBanasaM Gopmyi (13)i (13) i Bupa3u HaOyBaIOTh BUTIISLY -

K =23 Achis, U= T al(k)AGA,s- (17

k,S

VY3aranbHeH1 KoopAauHaTi A g BIANOBIA€ y3araabHEHUM IMITYJIbC B!



OTxe, k1acuuHa QyHKIS ['aMITbTOH 3aMUCy€eThCs y BUTIISAL

H =2 S {RaPus + 6 ()AGA e} (19

k,S

[lepexinm n0 KBaHTOBOro ormeparopa [amigbToHa BiIOYBAa€THCS 3aMiHOIO
CTIIOJTyYEHUX KOOPJUHAT Ta iIMIYJILCiB OTIepaTopaMu

As - A<s = %{@s"'&ks}! Rs - ISkS =i\/@{6§5_6—k5}1 (19)

ne omeparopu b ¢ i By 3a0BONBHAIOTE [IEPECTAHOBHKUM CITiBBiTHOIIEHHSM

[6@’ li:s] = Ok 0ss [6@’ lis] =0 (20)

~

yepe3 Ty oOcTaBHHY, 110 omepatopu Ag U Py 3a10BOJBHAIOTH KOMYTaIlIHHUM
CITIBBIIHOIIIEHHAM

[A(s’ FA’ks] =ih0 05 -

Bignosimao no dopmyn (18) - (20) onmepatop ['aminbToHa MOXe OyTH
3alMCaHUN Y 3BHYHOMY BIXKE JUUIsl HAC BUTJIISII

H =Zh%(k){&s&s+§}- (21)

Omnepatop ke 3MIIeHb aTOMIB JA€ThCSI BUPA30M

(5 = &sK) [5 45 "
o 2NMaksJ%(k)1b“S i exp(ikn).

@®oHOHHU B TPUBMMIPHOMY KPHCTAJII

Jl7is IpOCTOTH pO3riIsiHEMO OJHOATOMHI kpuctaiu. Hexait M - maca atoma
., (a@=1,2,3) - Tpu KOMIIOHEHTH BEKTOpa 3MII[EHHs aToMa 3 By3J1a KOMIipKH,

0 BHU3HAYAEThCA BeKTOpoM N. Toxi KiHETHMYHA €HEpris 3MilleHb aTOMIB 13
II0JIO’KEHHS PIBHOBAru BUPA3UThCS Yepe3 MBUIKOCTI [, 3MIIIEHb (OPMYIIO0



=%Zr}i . (@=1,29) (22)

Y TpUBHUMIpHOMY KpHUCTajl YHUCIO CYCiAIB KOXKHOTO aToma 3pOCTa€e MPOMOPIIiIHO
KBaJpaTy BiAcTaHi. Tomy 3a3BHuaili HE MOXKHA OOMEXyBaTHCS BpaxyBaHHSIM
B3a€MOJII JHIle MK Hailbmmwkunmu cycigamu. [lomapHa B3aemozis atoMiB y m -
My i n BY3J1 KPUCTAJIYHOI IPAaTKHU JAETHCSI BUPA3OM:

W :%Z“W(Rn —Rm),

Jie CyMa 10 7 1 n BUPAxXOBYETHCS 3a BCIMA By3JIaMM KpPHUCTaliuHOI IpaTku, R, -

Q - a KOMIIOHEHTa B JEKapTOBOMY TMPOCTOPI pajiiyca - BEKTOpa MOJIOKCHHS
JAHOTO By3Ja. SIKIIO po3rigaaTy Maii 3MIILEHHS ¥, aToMa B 72 -My BY3J11 BiJl HOro

ctany piBHosaru R
—po 0
Rn - Rn o ‘Rn

>|r|,
1 BpaxyBaBIIH, 110

w°=%ZW(R§—R,‘;)

B1J1 3MIIIIEHb HE 3aJICKUTh 1 Ma€ (PI3MYHUI CEHC EHEeprii COHOBHOIO CTaHy,
a moxiJgHa

OW(R,-R,)
aRwa Rn:Rﬂ'
R

OCKJIBKM MOBa #/1e TpO PiBHOBAXHUIA CTaH, IPUUIEMO 10 HACTYITHOTO BUPA3y IS
MOTEHI1AJIbHOT €HEePrii KpUCTaay B TaApMOHIYHOMY HaOJIMKEHHI:

u=1 D> Vs (n=mr,r (23)

na'mg?

Jie KOMIIOHEHTH TE€H30pa Pyroro paHry V,, (n - m) , BU3HAYEHOTO (POPMYJIIOIO

oW(R,-R,)
aRnaaRmﬂ R,=RY,
R 0

V(n-m)=

ITOBUHHI 3a10BOJIBHATH YMOBU

\Y/

w(N=m)=Vg, (m=n),  >N,(n-m)=0.  (24)



OcTanHs pIBHICTh BUILTMBAE 3 Ti€i 0OCTAaBUHU, IO JOPIBHIOE HYJIO CyMapHa CHIIA,
gKa Jli€e HAa OKpeMHM aroM 3 OOKy IHIIMX aTOMiB, SIKIIIO BOHa OOyMOBIIEHA
MEPEHECEHHSIM BChOTO KpHCTalia sk mistoro. Cripasi,

[1pu 3MimIeHHI KpUcTana K ioro, I, =C, (3MIIIEHHS HE 3aJeXHUTh BiJ HOMepa
By3nal), Maemo

Fop == Vs (n—m)c,.

AJte, OCKIJIBKM 3a TaKOTO 3MIIIEHHS Ma€e OyTH Fmﬂ =0, TO MM TOBUHHI IPUPIBHATH
KOE(ILIEHTH HYIIO MPU KOXKHIA KOMIIOHEHTI BEKTOpa C,, 3BIAKUM H OTPUMAEMO

pyry 3 ymoB (24).
BukopucroByroun pam HUKIIYHI TPaHUYHI YMOBH 1 MPUITYCTHUBIIH, IO B
OCHOBHIM o00macTi kpuctaja € N eleMeHTapHUX KOMIPOK, NepernaeMo a0

KOJIEKTUBHUX 3MIHHMX A =A,, sSK HEOJHOPAa30BO HaMU BXKe poOwmiocs, 3a
JOTIOMOT'OF0 KAHOHIYHHX MTEPETBOPCHb.

. =ﬁ2ea(k),6k expikn),  (a=1,2,3) (25)

ne €,(k)=e,(—K) - miiicHi mocTiiiHi, ki OyayTh BU3HA4YEHI HIDKYE. YHITapHICTH
IIEPETBOPEHD 3a0€3MeUy€eThCS YMOBAMHU:

SYexdik-kn]=d,, +Yexdia-mK]=3,,

JIe MiICyMOBYBaHHS 3/11HCHIOEThCS 32 BciMa N BekTopamu rpaTku N i 3a Bcima N
XBWJIBOBUM BeKTOpaMm 13 mepmioi 30HM bpimmoena. Ilicns  BiamoBigHuX
NEPETBOPEHb OTPUMYEMO

k=236, (e, (AA, U= T Dy(ke, (e, (AA,, a.f=12 (26)

k,a,B

Jc

D5 (K) = D, (K) = Doy (k) =%Zvaﬁ(n)equkn) (27)



- eJIEMEHTH CHUJIOBOI MAaTPHII].
Ak 1 panime, BBegeMo ¢yHkiio Jlarpamka L =K —U . Toai piBHIHHSIM
Jlarpanxa

%[%;]_Z_zzo’ mpu q=¢,(K)A, g=¢,(K)A

(To6T0, BBaxaroun =e,(k)A y3arampHeHumu KoopauHatamu, a =€, (K)A, -
y3araJlbHECHUMHU IIBHIKOCTSIMH) MOYKHA HAJ[aTH HACTYITHOTO BUTJISTY

&, (K)A + > Dys(k)e;(K)A =0. (28)
B

3a I0TTOMOTOKO MiACTAHOBKH

A =-ak)A

111 qudepeHItiaabHi PIBHSHHS MEPETBOPIOIOTHCS HA alNreOpaiuHy CUCTEMY TPhOX
PIBHSIHB 1110110 TpbOX HeBigomux €, (K):

a)z(k)ea(k)—ZDaﬁ(k)eﬁ(k) =0. (29)
B

3 YMOBM HETPHUBIAIBHOI PO3B'S3HOCTI IIUX PIBHSIHb BUILIMBAE AUCTIEPCIiHE
PIBHSIHHS

|e? (K)&,, =D, (k)| =0, (30)

Sxe BuzHauyae yactotu K) 11 KoxkHOTO 3HaUEHHS K .
Ie pisnsans Mae Tpu kopeni &k (K) (S=1,2,%). Bianosiano € Tpu BeKTOpH
e (k). Ili BeKTOpH B3a€MHO OPTOTOHAJIBHI TAa BH3HAYAIOTHCA 3 PiBHAHB (29) 3
A :
TOYHICTIO 0O KOHCTAHTH, SIKa MOKe OyTH BU3HAYCHA 3 YMOBH IMIOBHOTH

2.6 (ke (k) = O .

a

[lpu k — O marpuuni enementn D, 4(k) Binnosinxo (24), (27) mpsamyrots 10

Hyns. ToMy TpaHMYHI 3HAUEHHS BCiX TPHOX YAaCTOT MPSAMYIOTh A0 HYJS TIpH
k — 0. Ll riik1 Ha3MBAIOTHCS TPHOMA TJIKAMHU aKyCTUYHUX KOJIMBaHb.

VY kpucranax KyOi4HOI CHHTOHII OJJMH 13 BEKTOPIB CIIPSIMOBAHUIN y310BXK K .
BinnoBigHI KOJWMBaHHS HA3UBAIOTHCSA MO3AOBKHIMHU. JIBOE I1HIIUX BEKTOPIB
NEepIEHINKYISIPHI MiXK CO00I0 Ta mepneHauKysipHi K . BoHM BU3HA4alOTh TiIKH



HIONepevHUX KoNMBaHb. B i30TponmHOMY KprcTaii yactotu k(K) He 3amexartp Big
HanpssMky K. Tlpu 1ipboMy JBi TIJIKH TIONEPEYHHMX KOJMBAaHb MArOTh OHAKOBI
gactoti ) (K) mms xoxnoro K. Yacrora mo3mosxkHiX konuBaHb ¢ (K) 3a3Buuait
BUIIIC YACTOT IMOMEPEYHUX KOJMBAHb. B aHI30TPOIMHUX KPHCTANaX TPU PO3B'SI3KH
e'® (k) B3aeMHO OPTOTOHANBHI, TIPOTE TiMBKU JJIS JASAKUX BULICHUX HANPAMKIB Y
KPHCTaJl OJIMH i3 BEKTOPIB CIPSIMOBAHUN Y3I0BXK K .

Bigmosizno 10 Tphox posp’sskie €7 (K) cucremum pisasss  (29),
KOMIIOHEHTH 3MIIIEHHs] aTOMIB y KpUCTalli OyayTh BH3HAYaTHCS TpbhOMa
KOJISKTHBHUMH 3MIHHUMH A JIJIsl KOXKHOTO BEKTOpa K 3a I0IIOMOTOr0 BUpasy

(0

-1 5w -
r. \/sz,s:e” (k)Asexpikn), S=1,2, (31)

KineTnyHa Ta nmoTteHuiiaapbHa €eHeprii KOJUBaHb MOXXYTh OyTH 3BEJICHI /10 BUTJTISY:
1 . L 1
K _EZ A<SA—kS v As = _|a)s(k)A<51 U _Eza’é(k)A@A—ks . (32)
k.S k.S

V3aranbHeHl imMnyiabcu B, CHpsDKEHI A0 y3aralbHEHUX KoopAauHar A,
BU3HAYAIOTHCS PIBHICTIO

0 .
R<s =W(K _U) :A—kS'
s

Bupaxaroun B (32) mIBUAKOCTI Yepe3 IMIYJIbCH, 3HAXOUMO KJIacHUHY (YHKI[IO
["aminbTOHA

H=K+U =%Z|:Pksp—ks +a§(k)A<sA—k8:|' (33)

k,S

[lepexin 10 KBaHTOBOro omeparopa IamigbToOHAa 3HIWCHIOETHCA 3aMIHOIO
y3araJbHCHUX KOOPJAMHAT Ta IMITYJIbCIB OTIEpaTOpaMHu:

As - A<s = %(E&S-Fﬁjks)! Rs - Aks =i\/%ha25(k) (6;5_6—k8)’ (34)

ne b i b - omepaTopu HAapOKEHHS Ta 3HUIICHHS (DOHOHIB y CTaHAX ‘Vks>,

XapaKTEePHU3YIOTh YHCIIO (POHOHIB KOXKHOI TUIKH KOJIMBaHb. BOHM BBEJCHI TakuM
YUHOM, 11100 32/I0BOJILHSUTMCS KOMYTaIl1i{H1 CITIBBITHOIIIEHHS 1711 0030HIB

[@81&s]=5k,k'5s,31 [@S,ﬁ(g]=0. (35)



VY TepMiHax BBEJIGHUX ONEPATOPIB TaMiJbTOHIAH CUCTEMHU Ta OMEpaTop 3MIMIECHHSI
aToMiB HaOyBalOTh BUTJISIY:

H :Zh%(k)[ﬁ:ﬁcﬂ (36)
Fo= 1 %[@S+6fks]exp@kn), S=12,: (37)

" N 2MN i ,/a)s(k)

Tak camM0O MOXKHa 3HAWTH OMEPaTOpPH IHIIMX (I3UYHUX BEJIMYMH, SKIIO BIIOMI 1X
BUPaXEHHS Yepe3 y3arajibHeHl KOOPAUMHATU Ta IMITYJIbCH.

KonuBanus aToMiB y KpUCTalaX MPOSIBISIOTECS Y Psil SBULL. 30Kpema, Ipu
NOTJIMHAHHI Ta BUIPOMIHIOBAHHI 1H(PAUEPBOHOTO CBITIA, MPU HEMNPYKHOMY
pO3CiOBaHHI CBITJIa BUAMMHX Ta iH(pauepBOHUX YaCTOT (paMaH-e(eKr); mpu
HENPY)KHOMY  pPO3CIIOBaHHI HEUTpPOHIB, MpPU JOCHIIPKEHHI PE30HAHCHOTO
NOTJIMHAHHS TaMMa-KBaHTIB siipamu aTtoMiB (epekt Meccbayepa) Ta iH. Y pi3HHX
SBHUINAX TIPOSBISIIOTHCS Pi3HI TUIKKM KOJNWMBaHb. Hampukian, TOTIMHAHHS Ta
BUNPOMIHIOBaHHS CBITJIA MOB'SI3aHE 3 HAPOKCHHSIM Ta 3HUKHEHHSIM (DOHOHIB, SIKI
BiJINOBIIAOTh TIOTIEPEYHUM KOJIMBAHHSM, IO 3MIHIOE CICKTPUYHHNA JIUITOTHHUMA
MOMEHT KpucTaia. Paman-epekT moB'si3aHuii 13 (¢GoHOHAMH, BIAMOBIIHUMU
MOTIEPEYHUM  KOJIMBAaHHSIM aToOMiB, IO 3MIHIOE TMOJIAPU3AIlil0 KpHUCTania,
pPO3CitOBaHHSI HEUTPOHIB TOB'A3aHE 3 MO30BXKHIMH (DOHOHAMHU, SKI BUKIHUKAIOThH
JIOKaJIbHI 3MiHH T'YCTHHHU KpPHUCTAaJIa.



