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Tém tit

MG hinh Ising spin-1vdi cdc tuwong tac trao doi song tuyén tinh va fir cyc trong tu truong
ngodai dwoc nghién ciru trén mang hinh vuong hai chiéu don gian trong gan dung truong trung
binh. Ket qua thu dwoc cho thay sw ton tai cua trdt tw luong cuc hodc trdt tu tir cuc, tuy thudc
vdo su thay doi cuong do ciia hai logi tuong tac khi khong c6 tir truong ngodi. Ngoai ra, anh
huwong cua twr truong den cdc trdt tw nay ciing dwoc khao sat chi tiét. Cac két qua nay dwoc
phan tich thong qua sw hién dién cua cdc trang thdai c6 mémen tir khdc khong (tiee S* =+1)
va trang thdi khong c6 moémen tir (tee S° =0) cua hé spin-1.

Tir khéa: Gan diing truong trung binh, mé hinh Ising spin-1, twong tac trao doi song
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Abstract

The spin-1 Ising model with bilinear and biquadratic exchange interactions in an
external magnetic field is studied on a simple two-dimensional square lattice within the mean-
field approximation. The obtained results show that either dipolar or quadrupolar order exists,
depending on strength variations of two interaction types without a magnetic field. In addition,
the influence of the external magnetic field on these orders is also investigated in detail. These
results are analyzed through the presence of spin-1 states with nonzero magnetic moment (i.e.,

S® ==1) and zero magnetic moment (i.e., S =0).

Keywords: Bilinear exchange interaction, biquadratic exchange interaction, mean-
field approximation, Spin-1 Ising model.
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1. Gi6i thiéu

Céc mé hinh tuong tac trao ddi Ising, XY va Heisenberg la nhitng m6 hinh mau quan
trong trong nghién ctru cac tinh chét tir cua cac h¢ vat chat (Diep, 2014). Trong do, tuong tac
trao ddi song tuyen tinh dong vai tro quyet dinh trét tu tir ciia cac hé nay. Trong phan 16n cac
nghién ctru vé tinh chat tir ctia chat ran déu dua ra gia dinh cho rang cac tuong tac trao doi bac
cao 12 nho hon rat nhiéu s0 vO1 tuong tac trao d6i song tuyen tinh (Diep, 2014; Mila & Zhang,
2000). Tuy nhién, mot s6 bao cao thuc nghiém va 1y thuyét gin ddy di chi ra ring cac tuong
tac trao doi béc cao co thé déng vai tro quan trong trong viéc mo6 ta tinh chat tir cia mot s6
hop chat thyc té, dic biét 1a cac hop chét dat hiém (Sablik & Wang, 1979; Barker & Chantrell,
2015; Subedi & cs., 2025). Trong cac h¢ nay, tuong tac trao d6i bac cao c6 the tuong duong
hodc tharn chi 16n ho‘n tuong tac trao doi song tuyen tinh. Mic du gia dinh vé cac tuong tac
trao ddi bac cao trong cac hé tur tinh da duoc dé xuit tir nhitng ndm 1960-1970 (Rodbell & cs.,
1963; Blume & Emery, 1971), nhung sy hiéu biét vé cac loai tuong tac nay van chua dugc
lam r6. Vi ly do nay, nhiéu nghién ctru di nd luc phat trién cac mo hinh 1y thuyét bao gdm cac
sd hang twong tac trao ddi bac cao.

M6 hinh Ising véi spin S =1 (goi tit 1 spin-1), trong d6 cac sé hang twong tac trao doi
bac cao xuét hién trong Hamiltonian, 14 mot trong nhitng mé hinh dugc nghién ciru rong rii
nhit trong linh vuc nay. Su phd bién ciia mé hinh nay khong chi boi sy phong phi ctia gian
dd pha do sy canh tranh giita cac twong tac (Zivieri, 2022), ma con boi kha ning ap dung cta
mo hinh dé mé ta cac hé chat long don gian (Blume & Emery, 1971; Mancini, 2010) hay cac
trat tu ludng cuc tr va t cuc trong céc vat liéu tur (Kantar & Erta, 2015; Manojlovi¢ & cs.,
2016). Mic du da c6 nhiéu nghién ctru khao sat van dé nay (Levitskii & cs., 2006; Kantar &
Erta, 2015; Manojlovié¢ & cs., 2016; Zivieri, 2022), phan 16n cac cong trinh trude ddy chi yéu
tap trung vao cc hién tuong chuyén pha ma chua di sdu phén tich chi tiét sy ton tai va dic
trung cua cac loai trat tu khac nhau. Bén canh do, vai tro cua tur trudng ngoai trong viéc on
dinh hodc thuc déy sy hinh thanh trat ty ludng cuc va ti cyc chua dugce khao sat mot cach hé
thdng trong cac nghién ciru gan dung trude day. Nham hiéu rd hon vé su ton tai va cing ton
tai clia cac trat ty ludng cuc va tir cuc thong qua su phu thude chi tiét vao cac tham sé twong
tac cing nhu cuong do tir trudng, ching t6i da nghién ctru hé spin-1 trén mang hinh vuéng hai
chiéu don gian, voi cac mirc do khac nhau cua twong tc trao (1‘01 song tuyén tinh va tuong tac
trao doi bac cao - cu thé 1a tuong tac trao ddi tr cuc - trong gan dung truong trung binh. Tt
d6, chiing toi xac dinh céc trat ty ludng cuc va trat ty tir cuc trong hé. Mot sd cong trinh gan
day ciing d3 kham pha ra cac hién twong vét 1y khac nhau trong cac hé tir tinh hai chiéu, noi
cac tuong tac trao ddi tur cuc dong vai tro quan trong ( Luo & cs., 2016; Kartsev & cs., 2020;
Ni & cs., 2021).

2. M hinh Iy thuyét
Xét mot hé spin gdm N spin-1 duoc sap xép trén mot mang hinh vudng hai chiéu don gian.

M& hinh Ising cho hé spin ndy dugc dat trong mot tir truong ngodi & =he. ¢6 dang nhu sau
(Sivardiére & Blume, 1972):

H = _g/uBhZZS/Z _%ZszSt S_z az ZJz/szQ/Z ’ (1)
J i, L]

¢day j=itlva J,=J>0 la hang s twong tac trao d6i giira cac spin 1an can gan
nhit. Trong (1), s6 hang thir nhit mé ta twong tac cua hé spin vdi tir trudng ngoai duoc dinh
huéng doc theo truc Oz v6i A° >0, g la thira s6 Landé va M, 1a manhéton Bohr; s6 hang thtr

hai va sd hang th ba 1an luot mé ta cac twong tac trao doi song tuyén tinh va tuong tac trao
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ddi tir cyc cua hai spin S va S 7 dugce dinh xtr tai tat ca cac nat cua mang tinh thé véi cac
vécto vitri 74 va 7, i,j=1..,N; @, va a, 1an lugt la cac tham sé biéu thj mic do cua
tuong tac trao doi song tuyén tinh va tuong tac trao doi tir cuc. Pbi voi hé spin-S (S > 1) ,ta
6 toan tir tir cuc dugc dinh nghia nhu sau (Sivardiére & Blume, 1972):

0 =|(5;) -s(s+1)3). @

Trong md hinh (1) véi spin-1, mbi spin c6 thé nhan ba gia tri S* =—1,0,+1 va do d6 co
kha nang biéu hién ca hai trat tu ludng cuc va trat ty tr cyc. Ching t6i chi xét cac truong hop
ung voi @, 20 va a, >0. Tuong tac trao ddi song tuyén tinh dugc biéu dién qua a,J;S;S;
va dong vai tro chinh trong viéc hinh thanh trat ty ludng cuc, cy thé 1a trat tw sat tir, khi céc
spin c6 xu hudng chon cung mot dinh hudng cu thé trén truc z. Trong khi d6, tuong tac trao
doi tir cuc dugc bicu dién qua a,J, ;07 0], lién quan tryc tiép dén binh phuong cua céac toan tir

~1) (img

véi §° ==1) va trang thai khong c6 momen tur |0> (mg véi S* =0). Tir d6 dan dén sy hinh

spin S, va do d6 chi phan biét giita trang thai c6 momen tir khac khong |+1) hodc

trat tu tir cyc. Khi cd hai loai twong tac cung ton tai, hé vira vu tién loai bo trang thai |0> , vira
pha v di xtmg giita hai trang thai |+1) va |~1), do d6 c6 thé xuat hién mot pha hon hop
déng thoi mang ca trét tu ludng cuc va ti cyc. Viéc phan tich dinh hudng uu tién cua cac spin
trong tung trudng hop cho phép hi€u rd hon vé co che hinh thanh c4c pha trong hé va la co s&
deé xay dung gian do pha cua mo6 hinh.

Hamiltonian (1) dugc viét lai dudi dang khai trién Fourier cta cac toan tir spin va toan
th tir cyc trong gan dang truong trung binh, nhu sau:

H=Nas, (55} + e (0)0)-Fhs -T2,
oday J, =Y J(a)e™ voi a 1ala vée-to o gbe tai spin thit 7, ndi dén cac spin lan
can gan nhét; {...) _ Tr(e”...)/Tr(e") 1atrung binh nhiét dong ciia cac toan tir véi ky higu
Tr(...) chi vét cia ma trén; B=1/k,T, v6i k, 1a hang s Boltzmann va T la nhi¢t do; va
n=B(k +ad,(57)),

“)
V= azﬂ*],gzo <QZ >

Biéu thirc niang lugng tu do ctia hé trong gan dung truong trung binh duoc tinh theo
cong thtrc:
1
F=——In(Tr(e”"
Lin(re(e )

(5)
N N 2 N
:?alJZ:o (mz)2 +?052J;:0 (a, )2 +E_3 —Eln{Zexp[yz]cosh[yl]+1},
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oday m, = <S Z> va q, = <QZ> lan Iuot dwoc goi 1a mémen ludng cyc trung binh - hay

con dugc goi la mémen tir trung binh (khong thir nguyén) va mémen tr cyc trung binh (khong

oF . OF
thir nguyén) dugc tinh toan tir diéu kién cuc tiéu cta nang luong tu do: o =0 va P =0.
m, q,
Ttr d6, chiing t6i thu dugc hé hai phuong trinh tu hop cho m, va q,:
2exp[yz]{sinh|:y1 ]}
= ; (6)
{Zexp[yz]cosh[y, ] +1}
2e cosh
0 =24 xp|y, |cosh[y, ] )

3 {Zexp[yz]cosh[y1]+1}'

3. Cac tinh toan sb va thio luin

Trong phénﬂnéy,Nchﬁng t6i sir dung hang s6 tuong tac trao d6i J 1am don vi, do d6 cac dai
luong s€ dugc biéu dién qua cac dai lugng rut gon khong thir nguyén: tr truong rat gon la
h? =g u,h* / J vanhiét do rat gonla 7. =k,T/J . Can luu ¥ 1a khi & nhiét d9 cao, hé luén &
pha thuan tur va khong c6 ca trat tu ludng cuc va trat tu tir cuc. Do do, trong phan nay chung toi
chi xét dén cac trudng hop Gmg véi nhiét do thdp hon nhiét &6 chuyén tir pha sét tir hodc tir pha

tir cyuc toi pha thuan tur.
3.1. Khi khong c6 tir trudng ngoai
(i) Truomg hop 1: o, =0, , =0

Trong truong hop khong ton tai ca hai tuong tac trao ddi song tuyén tinh va twong tac
trao doi tu cuc, hé spin thudc pha thuan tir.

(ii) Trwong hop 2: o, =0, o, #0

__________ 1
0.3 P i S
' —m 0.8 ’
‘ z --q
' - =0 .
021 1 “ N 0.6
‘_'.\1 : N
& : E 04
01, -
, 02
]
0 0
0 0.2 0.4 0.6 0 0.2 03
o, oy
Hinh 1. Sy phu thudc ciia mémen Hinh 2. Sy phu thudc ciia mémen luéng
lwdng cue m, va mémen tir cwe q, vao  cwe m, va mémen tir cwe q, vao tham so
tham s twong tac trao ddi ti cuc a,, twong tac trao doi song tuyén tinh a,,
¢day 7,=0,1, ¢, =0 va h’ =0. ¢day 7, =0,1, ¢, =0 va h! =0.
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Khi hé chi c6 tuong tac trao doi tir cyc duogc dac trung boéi tham so «,, su ton tai cua
céc trat tu trong hé phu thuoc manh vao do 16n cia ¢, . Dua vao hinh 1, chung t61 rit ra cac
nhan xét sau:

+ Khi ¢, nho so v6inhiét do 7,, nang luong do tuong tac trao d6i tr cuc khong du 16n

dé pha vo tinh dbi xtmg giita cac trang thai spin. Ba trang thai spin |+1> , O>, |—1> van ton tai
voi x4c sudt nhu nhau do céac spin chuyén dong nhiét mot cach hén loan. Trong diéu kién nay,

h¢ thudc pha thuédn tir, véica m =0 va q, =0;

+Khi ¢, tang 1én, h¢ c6 xu hudng loai bo trang thai S* =0 dé cuc tiéu hoa ning luong
twong tac. Khi do, trong hé xuét hién mot trat tu t cuc tw phat, trong d6 cac spin chu yéu
chiém céc trang thai |+1> va |—1> , nhung van khong c6 moémen ludng cuc vi xac suat cia hai

s 2
trang thai nay la can bang, nén m, =0. Tuy nhién, vi trong ca hai trang thai nay (S Z) =1,
nén gia tri q, tang lén rd rét. Khi «, du 16n, hé hoan toan bi giéi han trong hai trang thai |+1)

va |-1), q, =S -2/3=1/3, 1a gié tri bdo hoa clia mdmen tr cyuc trong hé spin-1.
(iii) Trwong hop 3: ¢, >0, ¢, =0

Khi hé chi c6 tuong tac trao ddi song tuyén tinh duoc dac trung boi tham $6 a,, sy tdn
tai cua cac trat ty trong hé phu thuéc manh vao 46 16n cta ¢, . Dya vao hinh 2, chung t61 rit
ra cac nhan xét sau:

+ Khi ¢, nho so voi nhiét do 7,, ndng luong do twong tic trao doi ludng cuc khong du
16n dé 1am cho céc spin sip xép song song theo cting mdt huéng. Dudi tac dung cua nhiét
nang, cac spin dao dong nhi€t mot cach hon loan. Trong di€u kién nay, hé thudc pha thuan tt,
véica m,=0va q,=0;

+ Khi ¢, tdng, hé spin c6 xu huéng hinh thanh trat ty ludng cuc ty phat. Tuong tac nay
1am cho cac spin ¢6 xu hudng sip xép song song theo cing mot hudng trén truc z dé cuc tiéu
héa nang lugng tuong tac, dan dén momen ludng cuc m, khac khong. Do d6, hé thudc pha
sat tur;

+ Mic du khong c6 twong tac trao d6i tir cuc, nhung trong pha sit tir, phan 16n cac spin
chiém cung mét trang thai |+1> hodc |—1> do tuong tac trao d6i song tuyén tinh, vi vily momen
to cuc q, cling tré nén khac khong. Tuy nhién, gia tri q, trong truong hop nay khong phan
anh mat trat tu tor cyc ty phat, ma chi don thuan 1a két qua phat sinh tur trat ty ludng cuc. Két
qua nay thuong xuat hién khi cdc momen da cuc bac cao dugc dua vao nghién ctru (Morin &
Schmitt, 1983).

+Khi o, da 16n, mic do dinh huéng cla cac spin cang manh, din dén ca m_va q,
tang, va cudi cung dat gia tri bdo hoa m, =S =1 va q, =1/3, ing v6i trang thai ma toan b
cac spin déu huéng cung chiéu doc theo truc .

(iv) Truwomg hop 4: o, >0 va o, >0

Khi ca hai tuong tc trao dbi ciing xut hién, hé spin-1 trong mé hinh Ising cho thdy kha
ning hinh thanh pha hon hop, trong d6 ca trat ty ludng cuc va trat tu tir cyc cing ton tai dong
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thoi. Tuong tac trao d6i song tuyén tinh o, >0 thic day sy dinh huéng ctia spin theo cling
mot chiéu trén truc z, dan dén sy xudt hién cua trat tu sat tir. Trong khi d6, twong tac trao doi
ta cuc a, >0 lam tdng xac sut cac spin chiém céc trang thai |+1> va |—1> , 1am giam xac suét
O trang thai |0> , tir 46 ciing c6 thém cho mémen tir cuc trong hé. Tuy theo ty 1¢ twong ddi giita
a, va a,, cac dac tinh cua pha sé thay d6i. Tir hinh 3, chung t6i rat ra cac nhan xét sau:

+Khi ¢, > ¢, : trat tu sat tir chiém wu thé, trat tu t& cuc cha yéu 1a két qua phat sinh ttr
trat tu ludng cuc, twong tu nhu trong trudng hop 3;

+Khi a, > ,: hé uu tién chiém c4c trang thai [+1) va |~1) nhung van c6 thé khong
chon mét chiéu cu thé, dan dén trat tu t cuc thuan véi q, #0 va m, =0, tuong tu nhu trong
truong hop 2;

+ Truong hop téng quat, o, >0 va a, >0: ca hai trat tu st tir va tir cuc c6 thé xuét
hién trong h¢, q, #0 va m, #0. Céu trac pha cta h¢ duogc quyét dinh phu thudc vao ti 1€ cia
a, va a,. Nghién ctru cua Luo va cong sy (Luo & cs., 2016) cling da chi ra sy ton tai ctia cac
pha, bElO gom trat tu ludng cuc, tréat tu tir cuc hoac trét ty hon hop ludng cuc-tr cuc trong cac
siéu dan chira sdt gia hai chicu.

Trong tat ca cac trudng hop trén, khi ting a,, momen tir cyc q, ludn c6 xu hudng ting
va dat dén gia tri bio hoa bing 1/3, do céc spin cang bi day ra khoi trang thai |0> . Néu a,
cling khong qua nho, momen ludng cwc m_ ciing tang theo va dat dén gia tri bio hoa. Néu gia
tri bdo hoa cua m, béng 1, luc nay tat ca cac spin chiém trang thai |+1> hoac |—1> , hé thuoc
pha sit tir. Néu gié tri bdo hoa ciia m, nho hon 1, luc nay da sd cac spin chiém trang thai |+1>
(hoac |—1> ), va cac spin con lai chiém trang thai |—1> (hoac |+1> ), hé thudc pha hén hop bao
gOm ca hai trat tu sat tir va trat tu tor cuc.

I i —
/ —m
08 :
—m 0.8 -=q,
06 -4 o
" e 0.6
g 04 =
LeTTTTT T 0.4
02147 wmmmmamm—aaaa=
0.2
0 -
0 02 0.4 0.6 0 0.5 I
hZ
(.1',) t

Hinh 3. Sy phu thudc ciia mémen lwong  Hinh 4. Sy phu thugc ciia momen ludng

cwc m, va momen tir cyc g, vao tham cwc m, va momen tir cuc q, vao tir
s0 tuong tac trao doi tir cuc «,, trwomg h’, & day 7,=0,2, o, =0,1
¢day 7,=0,2, ¢, =0,1 va h’ =0. va o, =0,1.

36



Tap chi Khoa hoc Pai hoc Pong Thap, Tdp 15, S6 2 (2026): 30-38

3.2. Khi ¢6 tir trudng ngoai

Chung t6i xét truong hop tong quat, a, >0 va a, >0. Duéi tic dung cua tir truong
ngoai h! >0, hé spin-1 khong chi chiu anh hudng cua cac tuong tac trao doi ludng cuc va tir
cuc, ma con ¢ xu hudng sip xép cac spin theo chiéu cua tir truong, do d6 lam cho trét ty
ludng cuc tré nén rd rét hon. Momen ludng cuc m, s€ ting dan theo h? va tién toi dat dén
gid tri bdo hoa m, =1 khi tat ca cac spin bi dinh hudng hoan toan theo tir trudng ngoai. Moémen
t cyc q, cling ting theo h’ va dat dén gi4 tri bdo hoa q, =1/3, vi xac sut cic spin chiém
trang thai |+1> ngay cang lon hon céc trang thai |—1> va |O> . Tuy nhién, trong trudng hop
nay, sy tang cua q, khong phai la do trat tu tr cyc tu phat, ma chi 1a két qua cua vi¢c spin bi
ép vao trang thai phan cyc manh do tr t{ubng. Vi vay, trong vung tir tmbng dt manh, cé}
m, #0 va q, #0, nhung hé khong con thé hién pha tir cuc tu phat. Cac két qua nay dugc thé
hién trong hinh 4.

4. Két luan

Trong khuon khd gan ding trudng trung binh, chiing t6i di nghién ciru mé hinh Ising
spin-1 v&i ca hai loai twong tac trao ddi song tuyén tinh va tir cuc trén mang hinh vudng hai
chiéu, c6 xét dén anh hudng cia tir truong ngoai. Két qua cho thdy mémen ludng cuc va
momen tir cuc cia hé phu thudc manh vao cac tham ) tuong tac trao ddi a, (song tuyén tinh)
va a, (ta cyc), cing nhu vao cuong do cua tur truong ngoai. Cu thé, hé c6 thé biéu hién cac
pha trat tu ludng cuc, trat ty tir cuc hodc pha hon hop (cung ton tai ca hai trat tu), tuy thudc
vao ty 1& ¢, va a,.Khi chi c6 tuong tac t& cuc, hé c6 thé xuat hién trat tu tir cuc ty phat ma
khong co trat tu ludng cuc. Nguoc lai, khi chi ¢6 tuwong tac song tuyén tinh, sy xuét hién cua
trat tu ludng cuc tu phat thuong kéo theo mot moémen tir cuc khac khong, day 1a két qua phat
sinh tur sy dinh huéng manh cua céc spin theo cung mot hudéng. Su hién di¢n cua tur truong
ngoai lam tang do on dinh cua trat tu ludng cuc va dé)ng thoi lam ting momen ti cuc. Tuy
nhién, trong ving tir trudng du 16n, trat tu tr cue khong con mang tinh ty phat ma cha yéu 1a
két qua ctia viéc cac spin bi ép dinh huong theo tir truong. Nghién ctru nay dong gop vao viée
1am 13 co ché hinh thanh va cung ton tai clia cac trat tu tir trong hé spin-1, dic biét 1a mdi quan
h¢ gitra cac trat tu da cuc dudi tdc dung cua cac loai tuong tac khac nhau va tir trudng ngoai.
Két qua thu duoc khong chi cung cip cai nhin dinh tinh v& cAu trac pha ciia hé ma con dit nén
tang cho cac nghién ctru mé rong sau nay, bao gdm viéc so sanh voi cac két qua str dung mod
phong Monte Carlo hoic cac phuong phap giai tich gin dung khéc, ciing nhu viée ap dung cho
cac mo hinh spin phirc tap hon nhu Heisenberg hodc Blume-Emery-Griffiths. Diéu niy mo ra
hudéng nghién ctru sau hon vé vai tro cua cac bac tu do tir cuc trong cac vat li¢u tur lugng tu
v6i tuong tac canh tranh.
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