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Rozrobleno izin��vs~ku dipol~nu model~ se�netoelektrikiv Sn
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na p�d-

stavi danih z� strukturi cih kristaliv u se�neto- i parafazi. Osnova modeli: qotir~om ato-

mam aktivnoÝ pid�ratki Sn vidpovida�t~ qotiri dipoli, paralel~ni kristalografiqni� osi

a i rozmiweni v polo�enn�h Sn u parafazi. Dl� vrahuvann� dipol~noÝ dalekodiÝ navkolo

c~ogo dipol� vidileno oblast~ prostoÝ formi, useredini �koÝ vzamodi� mi� dipol�mi ob-

qisleno toqno, a vzamodi� z rexto� dipoliv | uvedenn�m lokal~nogo pol�. Dl� krawogo

uzgod�enn� z real~nim eksperimentom u model~ uvedeno dodatkovi� parametr | popravka

na korotkodi� z dvoma na�bli�qimi susidnimi dipol�mi. U rezul~tati obqislen~ metodom

Monte Karlo otrimano taki rezul~tati: pri pidbori pevnogo koeficinta korotkodiÝ v Sn
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znika promi�na modul~ovana faza. Temperaturni me�i faz taki: Sn
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� 10:5;
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| T
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c

� 8:5, T

�

i

� 9:5 (u nazvanih temperaturah), wo vidobra�a ne til~ki �kisni

hapaktepistiki fazovih pepetvoren~ u doslid�uvanih kpistalah | isnuvann� modul~ova-

noÝ fazi v Sn
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i ÝÝ vidsutnist~ v Sn
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, ale � da zadovil~ni kil~kisni ocinki dl� ÝÝ

temperaturnih me� u Sn
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. Bula rozgl�nuta model~ z dvoma papami neekvivalentnih

dipoliv. Zna�deno, wo  take spivvidnoxenn� dipol~nih momentiv cih par, ni�qe v�d �kogo

modul~ovana faza mo�e zmin�vati napr�mok vektora modul�ciÝ vid napr�mku odniÝ krista-

lografiqnoÝ osi do drugoÝ. Podano harakteristiki c�Ý transformaciÝ.

Kl�qovi slova: model~ �zin�a, metod Monte Kaplo, fazovi� pepehid, nesumirna faza,

poro�nina Lorentca.

PACS number(s): 64.70.Rh, 77.80.Bh
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| �onno{kovalentni

spoluki, �ki sklada�t~s� z anioniv [P

2

S(Se)

6

]

4�

,

z'dnanih u trivimirnu �ratku za dopomogo� kationiv

Sn

2+

. Pri kimnatni� temperaturi ci kristali ma�t~

necentrosimetriqnu strukturu monoklinnoÝ singoniÝ

(Pc). Parametri komirki: a = 9.378; b = 7.488; c =

6.513

�

A; � = 91:15

�

[1]. Prokci� strukturi Sn
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na plowinu (010) pokazana na ris. 1.

Ris. 1. Prokci� kristaliqnoÝ strukturi se�netofazi

Sn
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na plowinu (010). Visota atomiv vkazana v ti-

s�qnih dol�h periodu.

Vidomo, wo pri temperaturi T

0

� 337K u kristali

Sn
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vidbuvat~s� fazovi� perehid iz se�netoe-

lektriqnoÝ fazi v paraelektriqnu, pri �komu vsi

qotiri atomi Sn priblizno odnakovo zmiwu�t~s� v

napr�mku [100] i za�ma�t~ centrosimetriqni polo-

�enn�. Bil~x toqno vstanovleno, wo odna z dvoh ne-

ekvivalentnih par atomiv Sn zmiwut~s� na 0.32

�

A

(0.30

�

A vzdov� a, 0.04

�

A vzdov� b, i 0.09

�

A vzdov� c),

a inxa | na 0.22

�

A (0.22

�

A vzdov� a, 0.04

�

A vzdov� b

i 0.03

�

A vzdov� c) [1]. Parametri komirki v parafazi:

a = 9.318; b = 7.463; c = 6.518

�

A; � = 91:15

�

.

Struktura kristala Sn
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podibna do struk-

turi kristala Sn
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, ale �ogo fazova di�grama ma

suttvu vidminnist~: zamist~ se�netoelektriqnogo fa-

zovogo perehodu drugogo rodu dl� kristala Sn
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harakterni fazovi perehodi drugogo i perxogo rodu,

mi� �kimi  nesumirna (modul~ovana) faza [1, 2].

Temperatura fazovogo perehodu (FP) z se�netofazi

v modul~ovanu | T

c

�193K, z modul~ovanoÝ v para-

fazu | T

i

� 221K. Parametri komirki v parafazi:

a = 9.989; b = 7.679; c = 6.810

�

A; � = 91:15

�

.

Meto� naxoÝ roboti  model�vann� mikroskopiq-

nih mehanizmiv poslidovnih fazovih peretvoren~

u dosli�uvanih kristalah. Dl� c~ogo bula ro-

zroblena izin��vs~ka dipol~na model~ se�netoelek-

trikiv Sn

2

P

2

S(Se)

6

na p�dstav� danih z� strukturi

kristaliv u se�neto- i parafazi. Osnova modeli: qo-

tir~om atomam aktivnoÝ pid�ratki Sn vidpovida�t~

qotiri dipoli, paralel~ni os� a i rozmiweni v polo-

�enn�h Sn u parafazi. Osnovni� stan | usi dipoli

orintovani v protile�nomu napr�mku osi a, wo vid-

povida se�netofazi. Na ris. 1 vidilenimi strilkami
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poznaqena orintaci� dipoliv u se�netofazi, xtriho-

vanimi | druga mo�liva orintaci�; dipoli pronu-

merovani pidkreslenimi ciframi. Perxi rozrahunki

provodili dl� modeli, de vsi dipoli ma�t~ odnakovu

veliqinu efektivnogo dipol~nogo momentu. Para-

metri elementarnoÝ komirki vidpovida�t~ parafazi.

Kut monoklinnosti � dl� sprowenn� modeli pri-

puskamo rivnim 90

�

. Dl� vrahuvann� dipol~noÝ da-

lekodiÝ vikoristano metod (div. robotu [3], de nim

vivqali se�netoelektrik NaNO

2

), sut~ �kogo pol�-

ga v nastupnomu: navkolo danogo dipol� 0 vidileno

oblast~ prostoÝ formi (v naxomu vipadku ce parale-

lepiped 5a�5b�5c), useredini �koÝ vzamodi� z susid-

nimi dipol�mi vrahovut~s� toqno i ma ener�i�

E

lor

=

X

j

J

0j

�

0

�

j

; J

0j

= (3 cos

2

�

0j

� 1)=r

3

0j

; (1)

de r

0j

| vidstan~ mi� dipol�mi 0 ta j; �

0j

| kut

mi� dipol~no� viss� a i radius{vektorom r

0j

; �

0

; �

j

| dipol~ni momenti; p�dsumovuvann� provodimo za

vsima dipol�mi, krim 0-vogo, u me�ah ukazanoÝ obla-

sti. Vzamodi� z rexto� dipoliv vrahovumo nabli-

�eno | �k u poro�nini Lorentca v dielektriku |

vvedenn�m lokal~nogo pol� z ener�i�

E

loc

= (D � L)P; (2)

de D | depol�rizu�qi� faktor formi zrazka, L

| faktor formi poro�nini Lorentca (Lorentc{

faktor), P | pol�rizaci� zrazka.

Dl� naxogo vipadku D-faktor dor�vn�vav 0 (zra-

zok formi golki), L-faktori kristaliv obqisleni

podibno do rozrahunku Lorentc{faktora kubiqnoÝ po-

ro�nini v [4]: dl� Sn
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L = 2.94, dl� Sn

2
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Se

6

L

= 2.80.

Dl� doslid�enn� temperaturnih fazovih di�gram

v izin��vs~kih model�h Sn

2
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2

S(Se)

6

bula zastosovana

standartna procedura Monte Karlo (MK) [3].Makro-

skopiqni� zrazok rozgl�dali �k obme�enu izin��v-

s~ku �ratku z nakladenimi periodiqnimi graniq-

nimi umovami (komirka Monte Karlo). Odin MK-

krok zvodili do takih operaci�:

1. �eneruvali vipadkove qislo �

1

, �ke fiksu vi-

padkovim qinom dipol~ u MK-komirci;

2. Perevir�li mo�livist~ perehodu sistemi zi

stanu 1 u novi� stan 2 | obqisl�vali �movirnist~

W

12

perevorotu obranogo dipol�:

W

12

=

�

1; �kwo �U

12

= E

2

�E

1

� 0

exp(2�U

12

=K

b

T ); �kwo �U

12

< 0;

(3)

de E

1

| ener�i� sistemi v staromu stani, E

2

| v no-

vomu stani.

3. �eneruvali vipadkove qislo �

2

v promi�ku [0, 1];

�kwo �

2

� W

12

, to sistema perehodit~ u novi� stan,

inakxe | zalixat~s� v staromu.

Dl� realizaciÝ c~ogo algoritmu rozrobili komp'�-

ternu programu na mov� paketu Borland C++ 3.1 dl�

OS Windows 3.11. Rozrahunki startuvali z poqatko-

vogo vpor�dkovanogo stanu (inodi z poperedn~ogo za

temperaturo� rivnova�nogo stanu) i zaverxuvalis�

pri dos�gnenni sistemo� rivnovagi. Osnovni rozra-

hunki provodili na MK-komirci 16�16�16 periodiv

�ratki z poro�nino� Lorentca 5�5�5 periodiv. Pri

c~omu �eneruvali Markivs~ki lanc��ki dov�ino�

1500000{3000000 Monte Karlo krokiv, na wo vitra-

qalos~ 2{4 godini roboti programi na personal~-

nomu komp'�teri z procesorom I486DX/4/100. Spo-

qatku proveli rozrahunki dl� qisto dipol~noÝ mo-

deli, de okremi� dipol~ ma ener�i�

E

dip

= E

lor

+E

lok

: (4)

Ener�etiqnu riznic� dl� virazu (3) obqisl�vali

za formulo�

�U

12

= 2m

0

[(abc)

X

j

J

0j

m

j

+ 2LP

0

]=T

�

; (5)

de P

0

| seredn� pol�rizaci� dipol� ( userednenim

znaqenn�m po MK-komirci),M

0

| veliqina efektiv-

nogo dipol~nogo momentu; m

0

; m

j

= �1 | izin��v-

s~ki zminni, zv'�zani z dipol~nim momentom virazom

� = M

o

m. Suma za j probiga po vsih dipol�h, krim

0-vogo, u me�ah oblasti Lorentca. Tut i dali tem-

peratura vira�ena v terminah vkazanoÝ temperaturi

T

�

= (abc)K

b

T=M

2

0

, wo da zmogu minimizuvati efek-

tivni� dipol~ni� moment M

0

, �ki� nemo�livo na-

pered rozrahuvati i v inxomu vipadku potribno bulo

b vvoditi �k pidgonoqni� parametr.

U rezul~tati dl� oboh kristaliv otrimano posli-

dovnist~ faz: se�netofaza | modul~ovana | para-

faza. Temperaturi fazovih perehodiv dl� Sn

2

P
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S

6

:

T

�

c

� 7:5, T

�

i

� 8:5; dl� Sn

2
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6

| T

�

c

� 6:5, T

�

i

� 8:5,

wo v porivn�nni z danimi real~nogo eksperimentu

da lixe �kisne zauva�enn� takogo tipu: v se�ne-

toelektriku Sn
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6

modul~ovana faza xirxa v
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temperaturnomu di�pazoni. Period ÝÝ modul�ciÝ v oboh

kristalah stanovit~ vid 3c do 4c.Na ris. 2{5 pokazani

harakterni dipol~ni konfi�uraciÝ vsih tr~oh faz, wo

sposterigalis�.

Ris. 2. Harakterni dipol~ni konfi�uraciÝ u modeli se�-

netoelektpika Sn

2

P

2

S

6

u plowini (010) dl� se�netoelek-

triqnoÝ fazi ppi T

�

= 6:0.

Ris. 3. Harakterni dipol~ni konfi�uraciÝ u modeli se�-

netoelektpika Sn

2

P

2

S

6

u plowini (010) dl� modul~ovanoÝ

vzdov� osi c fazi ppi T

�

= 7:5.

Ris. 4. Harakterni dipol~ni konfi�uraciÝ u modeli se�-

netoelektpika Sn

2

P

2

S

6

v plowini (010) dl� paraelek-

triqnoÝ fazi ppi T

�

= 9:0.

Ris. 5. Po�sn�, �k na poperednih risunkah vidobra-

�amo napr�mki qotir~oh dipoliv v elementarni� komir-

ci (numepac�� dipol�v v�dpov�da ris. 1).

Dl� krawogo uzgod�enn� z real~nim eksperimen-

tom u naxu bazovu model~ buv vvedeni� dodatkovi�

parametr | popravka na korotkodi�, �ka inkapsu-

l� inxi (krim dipol~nih) korotkos��n� sili: kva-

drupol~ni, oktupol~ni ta in. [5]. Dl� c~ogo v viraz

(4) dodano

E

short

=

X

n

I m

0

m

n

; (6)

de I | koeficint popravki na korotkodi�, a suma

probiga po na�bli�qih susidah danogo atoma.U ko�-

nogo atoma takih susidiv dva. V Sn

2

P

2

Se

6

, napriklad,

vidstan~ do na�bli�qogo susida | 4.80

�

A, tod� �k

do nastupnogo | 5.49

�

A. V tabl. 1 podan� na�bli�q�

susidi dl� ko�nogo atoma.

Nomer atoma i Nomeri na�bli�qih susid�v

koopdinati komirki i koopdinati Ýhn�h komirok

0(0,0,0) 3(0,0,0) i 3(0,-1,0)

1(0,0,0) 2(0,0,-1) i 2(0,1,-1)

2(0,0,0) 1(0,0,1) i 1(0,-1,1)

3(0,0,0) 0(0,0,0) i 0(0,1,0)

Tabl. 1

Ener�etiqnu riznic� dl� c~ogo vipadku obqisl�-

vali za formulo�

�U

12

= 2m

0

[(abc)

X

j

J

0j

m

j

+

2

X

l=1

Im

l

+ 2LP

0

]=T

�

; (7)

de suma za j probiga po vsih dipol�h, krim 0-vogo,

v me�ah oblasti Lorentca, a suma za l | po dvoh

na�bli�qih susidnih dipol�h.

Buli provedeni rozrahunki z riznimi znaqenn�mi

I . Dokladn�xe zupinimos~ na minimal~nomu zna-

qenni I = 1:0, pri �komu v modeli se�netoelektrika

Sn

2

P

2

S

6

znika promi�na modul~ovana faza. Tem-

peraturni me�i faz taki: dl� Sn

2

P

2

S

6

T

�

�

� 10:5;
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dl� Sn

2

P

2

Se

6

T

�

c

� 8:5, T

�

i

� 9:5, wo v poriv-

n�nni z danimi real~nogo eksperimentu vidobra�a

ne til~ki �kisni hapaktepistiki fazovih pepetvo-

ren~ u naxih kpistalah | isnuvann� modul~ovanoÝ

fazi v Sn

2

P

2

Se

6

i ÝÝ vidsutnist~ v Sn

2

P

2

S

6

, ale �

da zadovil~ni kil~kisni ocinki dl� ÝÝ di�pazonu v

Sn

2

P

2

Se

6

: (T

i

� T

c

)=T

i

� 0.13; (T

�

i

� T

�

c

)=T

�

i

� 0.12.

Tut slid pidkresliti, wo ne mo�na bezposeredn~o

zistaviti otrimani temperaturi perehodiv dl� kri-

staliv Sn

2

P

2

S

6

i Sn

2

P

2

Se

6

, oskil~ki voni vira�eni v

terminah efektivnoÝ temperaturi, �ka da zmogu vi-

kl�qiti z formul vlasni� dipol~ni� moment M

0

,

individual~ni� dl� ko�nogo kristala. Period modu-

l�ciÝ nesumirnoÝ fazi v modeli Sn

2

P

2

Se

6

stanovit~

3{4 komirki vzdov� osi c.

Do nedolikiv modeli slid vidnesti rozbi�nist~

periodu modul~ovanoÝ strukturi, �ka sposterigat~s�

v qislovomu ekperimenti, z periodom real~noÝ ne-

sumirnoÝ fazi v Sn

2

P

2

Se

6

(12{14 komirok [1]). Ce vka-

zu na priblizni� harakter potenci�lu, wo viko-

ristovuvavs� v rozrahunkah, a tako� na mo�livu

nepovnu adekvatnist~ modeli real~nomu se�netoelek-

triku [3].

Mi rozgl�nuli prostu model~ se�netoelektrikiv

Sn

2

P

2

S(Se)

6

, �ka tim ne menxe pokazu zadovil~nu

uzgod�enist~ z rezul~tatami real~nogo eksperimen-

tu. C� model~ mo�e uskladn�vatis� v riznih na-

pr�mkah, wo nabli�u�t~ ÝÝ do real~noÝ kristaliqnoÝ

sistemi: mo�na vrahuvati vidminnist~ kuta � vid 90

�

,

uvesti neodnakovi dipol~ni momenti qotir~oh atomiv

Sn.

Zokrema, bula rozgl�nuta model~ z dvoma papami

neekvivalentnih dipoliv, �ka vidobra�a to� fakt,

wo dvi pari neekvivalentnih atomiv Sn u se�netoe-

lektriqni� fazi zmiwu�t~s� neodnakovo. Zna�deno,

wo  take spivvidnoxenn� dipol~nih momentiv cih

par, ni�qe v�d �kogo modul~ovana faza zmin� vek-

tor modul�ciÝ | vid modul�ciÝ vzdov� osi c do modu-

l�ciÝ vzdov� osi b. Priqomu v vuz~komu promi�ku

spivvidnoxenn� M

2;3

=M

0;1

mo�na sposterigati do-

datkovi� fazovi� perehid mi� modul~ovanimi fa-

zami z riznimi napr�mkami modul�ciÝ. Napriklad,

pri M

2;3

=M

0;1

= 0:88 u qisto dipol~ni� modeli

Sn

2

P

2

Se

6

vidbuva�t~s� taki fazovi peretvorenn�: pri

T

�

c

� 4:7 perehid vid se�netofazi do c-modul~ovanoÝ

fazi; pri T

m

�

� 5:8 perehid vid c-modul~ovanoÝ

do b-modul~ovanoÝ fazi; i pri T

�

i

� 7:1 | vid b-

modul~ovanoÝ do parafazi. Promi�ok, u �komu re-

alizu�t~s� obidvi fazi z rizno� modul�ci�, du�e

vuz~ki�; u navedenomu prikladi vin obme�eni� zna-

qenn�mi M

2;3

=M

0;1

vid 0.875 do 0.89. Pri znaqen-

n�h M

2;3

=M

0;1

< 0.875 modul~ovana faza znovu sta

sucil~no�, ale z modul�ci� vzdov� osi b. Period

modul�ciÝ nesumirnoÝ fazi v oboh vipadkah stano-

vit~ 4c i 4b vidpovidno. Podibnu kartinu sposteri-

gamo � u qisto dipol~ni� modeli Sn

2

P

2

S

6

v okoli

M

2;3

=M

0;1

� 0:795.

Slid zaznaqiti, wo na teoretiqnu mo�livist~ is-

nuvann� modul~ovanoÝ vzdov� osi b nesumirnoÝ fazi

vkazano v roboti [2], de v ramkah modeli �orstkih

�oniv po�sn�mo fazovi di�grami se�netoelektrikiv

Sn

2

P

2

S(Se)

6

. Eksperimental~no b-modul~ovanu fazu

we ne sposterigali.

Na zak�nqenn� zaznaqimo osnovni� rezul~tat na-

xoÝ roboti: pokazano, wo osoblivosti fazovih di�-

gram se�netoelektrikiv Sn

2

P

2

S(Se)

6

mo�ut~ buti po-

�sneni z pozici� izin��vs~koÝ modeli z dipol~no�

dalekodi� i vrahuvann�m korotkos��noÝ vzamodiÝ

mi� na�bli�qimi atomami Sn. U podal~xomu pla-

numo dosliditi temperaturn� zale�nost� pol�ri-

zaciÝ, ener�iÝ i teplomnosti, vpliv zovnixnih fak-

toriv na fazovi di�grami cih kristaliv.
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INVESTIGATIONS OF THE PHASE TRANSITIONS IN A DIPOLE MODEL OF THE

Sn
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P

2

S

6

AND Sn

2

P

2

Se

6

FERROELECTRICS BY MONTE CARLO METHOD

A. Drobnich, Yu. Vysochanskii

Institute of Solid State Physics and Chemistry, Uzhgorod State University

Pidhirna str., 46, 294000, Uzhgorod, Ukraine

A dipole Ising model of the Sn

2

P

2

S(Se)

6

ferroelectrics has been developed on the basis of the structural data

of these crystals in both ferroelectric and paraelectric phases. The basis of this model is as follows: a dipole which

is parallel to the crystalographic axis a and located in the Sn position in the paraelectric phase, corresponds
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to each of the four atoms of the active Sn-sublattice. To consider the dipole long-range interaction around the

dipole an area of simple form is singled out. Within this area the interaction between the dipoles is calculated

precisely. The interaction with the other dipoles is considered by introducing a local �eld. For better accordance

with the real experiment an amendment on the short-range interaction with two nearest neighbours has been

introduced. As a result of the calculations made by Monte Carlo method it has been found that when a certain

short-range interaction coe�cient in Sn

2

P

2

S

6

is selected the intermediate modulated phase disappears. In this

case the temperatures of the phase transitions are as follows: for Sn

2

P

2

S

6

model T

�

0

� 10:5; for Sn

2

P

2

Se

6

model

T

�

c

� 8:5, T

�

i

� 9:5 (in the e�ective temperatures). These data are in satisfactory agreement with the results of

the real experiment. Taking into consideration the fact that the two pairs of dipoles are not identical, the change

in their moments ratio has been found to cause a reorientation of the modulation vector of the incommensurate

phase from its position in a symmetry plane along the axis c to the orthogonal position along the axis b.
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