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In this paper, we have studied the character of the resistivity curve through
the spin Ising model containing the competition of ferromagnetic and
antiferromagnetic interactions by using the mean-field analytic method for
nearest-neighbor interactions. The results show that the plateaus emerge in
the resistivity curve, and they have relatively significant similarities between
the theoretical research and experiments of perovskite manganite
Pr0.5Ca0.5Mn0.97Ga0.0303. Moreover, show that the properties of these
plateaus as the number, position, and height significantly depend on the
model's parameters: the number of nearest-neighbor interactions z, the
probability p, and the fluctuation 4.
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T khoa:

cong tir tré trong mé hinh Ising ¢ canh tranh twong tac sit tir va phan sat
tir bang phuong phap giai tich truong trung binh twong quan gan. Két qua
cho thiy xuét hién cac budc nhay trong dwdng cong tir trd va cac budc

nhdy nay c6 dang twong dong véi cac budc nhay xay ra trong vat liéu

Perovskite mangan pha tap Pr0.5Ca0.5Mn0.97Ga0.0303. Bén canh do,

tir hoa logi I, budc nhay tir, moé
hinh Ising, canh tranh twong
tac...

chung t6i cling nhan théy sd lugng cac budc nhay tr cling nhu vi tri va d
cao ciia cac bude nhay phu thude vao sb twong tac 1an can gin nhit z, xac

sut canh tranh giita twong tac st tir - phan sét tir p va do thing giang 4

1. Mé déu

Qua trinh tr hoa loai I 1a mét qua trinh 1a mot
hién tugng thi vi xay ra trong rat nhiéu nhom vat
liu tir. Qua trinh nay xay ra dudi tac dung cua tu
trudng ngoai trong d6 dudng cong tir hoa xuét hién
céc budc nhay dot ngdt & mot sb gia tri tir truong t6i
han tuong tmg véi qué trinh chuyén pha xay ra tir
trang thai tr nay sang trang thai tu khac [2]. Hién
trong doc ddo nay di dugc quan sat thdy trong
nhém vat liéu tir c6 chlra cac dam nguyén tir canh
tranh twong tac voi nhau, vi du dién hinh 13 céc
perovskite mangan pha tap c6 cong thirc hda hoc
PrysCagsMn;,Ga,O; (trong d6 M co thé 1a kim loai
Co hoac Ga...) [1,3]. DPay 1a nhom vét liéu phan tach
pha véi rat nhiéu loai trong tac canh tranh phirc tap.
Dac biét ¢ dudi nhiét d6 phan tach pha, cé hai loai
twong tac canh tranh ndi bat 1a pha sit tir va phan sit
tir. Cac nghién ctru 1y thuyét trudc do chi ra ring,
tinh chét tir cua vat lidu nay chu yéu xuét phat tir
twong tac gilta cdc i6n (ion) Mangan [4]. Ion

Mangan c6 hai loai hoa tri la Mn?®* va Mn*" phan b
ngiu nhién trong mang tinh thé. Tuong tac giira cac
i6n Mangan cung hoa tri hinh thanh twong tac phan
sit tir (AF) trong khi d6 twong tic trao ddi giita cac
ion Mangan khac hoa tri hinh thanh twong tic sit tir
(FM). Chinh sy canh tranh giita hai loai twong tac
nay da gay ra dang bac thang trong duong cong tir
hoa va dudng cong tir tré. Hinh 1 du6i ddy bidu dién
c4c bude nhay tir xuat hién trong dudng cong tir tré
ciia vét lidu da tinh thé perovskite mangan pha tap
do duogc tir thuc nghiém.

Pién tré sudt (Qem)
Bigén tro suat (2em)

Tir trromg ngoai (T)

‘Tir trromg ngoai (T)

Hinh 1: Puong cong tir tré trong mot s6 vit liéu
perovskite mangan (1a [1], 1b [3])
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Trong nghién ctru truge day, chung t6i da dé xuat
khao sat mo6 hinh Ising spin dinh xt c6 canh tranh
tuong tic FM va AF va thiy ring mo hinh nay mé ta
dugc kha tét co ché hinh thanh cac budc nhay trong
dudng cong tir hoa ctia mot sb vat lidu da tinh thé
perovskite mangan pha tap [5]. Trong vat liu, cac
ion Mangan ¢ 16p ngoai cung 3d phén tach thanh hai
trang thai 1a trang thai dinh xtr t,, va kich thich e,.
Céc electron linh dong e, co thé nhay sang cac vi tri
lan can mot cach dé dang. Tuy nhién, trong gidi han
nghién ctru nay, chung t6i khao sat cho truong hop
ning luong twong tic trao d6i Hund Jj, giita cac spin
¢ trang thai t,, va e, 16n hon rat nhiéu so voi dong
nang nhay cac hat electron e, la ¢ Lic nay, cac
electron e, s€ dinh huéng song song theo huéng cua
spin dinh x{r t, va ¢ thé d& dang quay theo hudng
cla tir truong ngoai dat vao, 1am phat sinh trang thai
st tir. Do tinh chét tir trong vat liéu chu yéu duoc
quyét dinh boi twong tac gitra cac spin dinh xi 1an
can gﬁn nhit do d6 chung t6i xay dung khao sat cho
md hinh ciia cac spin dinh xt tinh dén tuong tac lan
can gan nhat. O day, cac spin dinh xi trén mdi nit
mang déng vai tro gidng véi spin cia cac electron
dinh x1r 6 trang théi t,, cia i6n Mangan.

M6 hinh spin Ising dinh x{t vdi cac tuong tac lan
c4n gin nhit khong thé mé ta dugc diy du, chinh xé4c
chc twong tic xdy ra bén trong vat liéu da tinh thé
perovskite mangan pha tap, tuy nhién mé hinh Ising
don gian dd lam 13 dugc co ché hinh thanh 1én cac
budc nhay tir dgc dao trong duong cong tir hoa. Phat
trién tinh toan cho mé hinh nay, trong bai bao nay
chiing t6i tiép tuc khao sat anh huéng cua canh tranh
tuwong tac 1én duong cong tir trd. Chung toi cling da
tim thdy c4c budc nhay tir xuét hién trong dudng cong
tir tr& va c6 dang twong ddng voi cac bude nhay tir do
dugc  tor  thuc
PrysCagsMng9;Gag ;05 [1]. Bén canh do, chung t6i
cling khao sat anh hudng cua cuong dg tuong tac, xac

nghiém cia vat liéu

sudt canh tranh twong tac va do thing giang 1én vi tri
cac budc nhay tir trong duong cong tir tro.

2. M6 hinh va phwong phap giii tich truwong
trung binh

MO hinh Ising dugc phat minh boi nha vat 1y hoc
Wilhemlm Lenz vao dau thé ky 20 ap dung khao sat
cho céc chét sit tir [6]. Hinh 2 dudi ddy md ta mo
hinh mang Ising hai chidu véi twong tac gitra hai
spin lan can gin nhét co cuong d¢ 1a J. Mdi nat
mang bi chiém gitt boi mot spin hudng 1én (spin up)
hodc spin huéng xudng (spin down). Khi cic spin
sip xép theo hudng song song twong tng véi tuong
tac FM (J > 0), con ddi song song tuong tng la
tuong tac AF (J < 0).
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Hinh 2: M6 hinh mang vuéng Ising voi 4 tuong tdac
lan cdn gan nhdt, J la cuong d¢ twong tdc gifta hai
spin ldn cdn gan nhat, spin up va spin down dirgc
biéu dién lan lugt bang mili tén hidng 1én va hudng
xuong.

Hamiltonian cia md hinh Ising c¢6 canh tranh
tuong tac gifta pha sét tir va phan st duoc biéu dién
nhu sau:

H=—12J,.kSl.Sk -h)S.. (1)
2 i#k i

Trong d6 s hang thir nhit trong Hamiltonian mo
ta tuong tac giita hai nut 1an cén gin nhat i, k, sb
hang thir hai mé ta tac dung cua tu truong dat vao
v6i cuong d6 h. O day, Si, Sk 13 cac spin & vi tri nit
thir i, k; Jik 1a tich phan trao ddi gitra hai nit mang i,
k va tudn theo quy luat phan bé nhu sau:

P(Jik):pé["]ik_JFM]+(1_p)5[Jik_JAF]’ @)

Iy =JA+A) T . =J(1=4A) 3)
O day, Jpy V& J 12 gia tri trung binh cua

cuong d6 twong tac FM va AF véi xac suét thing
giang 1an luot 1a p va I — p; J 1a gia tri trung binh
ctia tich phén trao d6i va dé don gian chung t6i chon
J=1; D 1a d¢ thing giang cua tich phan trao ddi va
gia tri cia D 1ludn dugce chon 16n hon 1.

Dé giai quyét Hamiltonian (1), ching t6i sir dung
phuong phap giai tich truong trung binh véi khai
trién hé thire Callen [7]. Loi giai chi tiét da dugc
cong bé trong bai bio trude do, doc gia co thé xem
lai trong tai liéu tham khao [5]. O day, ching t6i chi
nhic lai cong thire cudi cing ma ching toi thu duoc.

Ap dung khai trién hé thirc Callen cho biéu thirc
mdmen tir ty ddi trung binh trén mdi nut mang la
m :<< Si>>,’ chiing t6i thu dugc phuong trinh dai s6
clia mémen tir ty ddi trén mdi nut mang phy thudc
véio khai trién nhi thire €% va hé s6 4, ¢6 chira céc
bién tham sé 14 nhiét 46 7 (7 = kBT/J ), X4c suét
phéan bé canh tranh tuong tac p, do thing giang 4, sb
1an can gén nhét z va tir trudng ngoai 4 nhu sau:
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m= ZC:An (z,p, A, z,h)ym", 4)
n=0
N 5
A :J.ia 0% (t)sin[ﬁ+ﬂ)dt ©)
T 2

o sinh(ltj
2
a= pcos[ﬂj(l + A)t] +(1 —p)cos[ﬁj(l —A)t], (6)
b=psin[ BJ(1+A)t |+(1- p)sin[ BJ(1-A)t].
Két qua ctia phwong trinh (4) duoc ap dung dé
tinh dién tré sudt ty di ctia hé tir theo biéu thirc lién
hé sau:

MR = P& _ 12 - ()
Po(t)  1+Pm

Trong cong thirc (7) P 1a d6 phan cuc dan duoc
wéc lugng theo sé hinh chiéu spin up N, va spin
down n 1 cua dién tir e,

P= o tanh [J—H(S +%ﬂ (®)

ny+n, Jr

Nghiém cta phuong trinh (4) va (7) dugc ching
t6i giai bing phwong phap tinh toan sb dua trén phan
mém Mathlab.

3. Két qua va thio luin

Thuc nghiém da chirng minh cac budc nhay bac
twong ung voi qua trinh tir hoa loai I cta céc vat li¢u
perovskite mangan pha tap chi dwoc quan sat thiy &
ving nhiét do thép [1,3]. Bai toan m6 hinh ma
chiing t6i khao sat ciing cho cac két qua tuong tu
[5]. Ngoai khao sat qua trinh tir hoa, thuc nghiém
cling da tién hanh do dién tré sudt va thu dwoc cac
budc nhay tuong tng vdi cac budc nhay tuong tng
v0i cac bude nhay trong duong cong tir hoa. O nhiét

do thép, dién trd sudt c6 xu hudng giam manh khi tir
truong ngoai dit vao duge ting cudng. Dé danh gia
hiéu qua cua 1y thuyét mé hinh Ising canh tranh
tuong tac, trong nghién ctru nay ching t6i tip tuc
phat trién khao sat dién tr& sudt cia mé hinh va so
sanh voi két qua thyc nghiém cho vét liéu
Pr0.5Ca0.5Mn0.97Ga0.0303. Céc két qua dudi day
d&u dugc khao sat & nhiét do T = 0.001 (nhiét do
khong thir nguyén).

Trude dd, ching t6i da khao sat anh hudng cua
cac tham sb 1én cac budc nhay tir trong dudng cong
tr hoa [5], tir @6 chiing t6i lya chon dugc cac tham
s6 phu hop dé khop giita két qua 1y thuyét va thuc
nghiém cho duong tir tré. Hinh 3 mé ta sy phu hop
giita dudng cong tir tré theo 1y thuyét ching t6i tinh
toan cho mo hinh Ising c6 canh tranh twong tac FM
va AF va so sanh voi két qua thyc nghiém cta vat
lidu ProsCagsMngo7GagosO; [1]. CO thé thiy ring,
dudng cong ly thuyét kha twong ddng voi thuc
nghiém vé hinh dang ciing nhu vi tri ciia cac budc

3
2000 < a, Thye nghiém Ly thuyét
-~ & oQem) [HM| p@cm) [ HT
5 -~ 1688.58 3.96 1662.80 3.51
= 5 s [386:18" | 7.10 |- 498:60 | 683
1600 . :
o
E A
S 1200 5
g i
b 3
g 800 + . %ﬁ
= »
& S ~
=] & e "@7&
4001 . Ly thuyét
= 2= Thuc nghiém %\3 .
T . i ; ‘9-@ = mrry
o 2 4 6 8 10 12

Tir trivong ngoai H (T)

Hinh 3: Dé thi so sanh dwong cong dién tré sudt Iy
thuyét va thire nghiém

(b) (c)
| 1.!' ! / dllﬁ‘t \\ '
[ W 5 )
— 3 ~ - g ]
@Y @Y
h<h, h =h,

Hinh 4: Hinh dnh mé ta co ché hinh thanh cdc bude nhay trong tir truong ngodi. Mili tén ngodi cing
bén trdi trong hinh (b) va (c) chi hudng ciia tir truong ngodi thing dimg theo truc z ; (a) Khi tir truong
ngodi h = 0, hé thong chira dong thoi cde nhém tuwong taec FM va phan sdt tir cach dién AFI; (b)Khi c6 tir
truong ngodi h dit vao, mét s6 cum FM va AFI nhé bdt dau quay theo hudng tir trurong ngodi; (c) Khi tir
trieong 16n hon tir treong téi han h = h,, s6 leong I6n cdc dam FM va AFI dt ngdt quay theo hiéng tir
truong ngoai sinh ra budc nhay tir.
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nhay dugc thé hién trong bang dinh kém & Hinh 3.
Su hinh thanh budc nhay trong dudng cong tir tro
hoan toan tuong ung voi cac budc nhdy tir trong
dudng cong tir hoa theo cong thirc (7) theo 1y thuyét
truyén dan dao Landauer va bién d6i Inoue —
Mackawa [8] dién tro sudt ty dbi ty 16 nghich véi
binh phuong ciia mémen tir ty dbi. Do do6, khi
momen tir tang dot ngdt trong tir truong ngoai thi
dién tré suét cling giam dot ngdt tai cac gia tri xac
dinh d6. Co ché hinh thanh céc bude nhay tir dugc
biét dén xuét phat tir sy canh tranh tuong tac ton tai
bén trong hé théng ban diu. Hé thdng chira ddng
thoi cac dam tuong tac khac nhau 1a FM va AF, khi
dén ngudng tir truong xac dinh, mot sb lwong 16n
cac dam AF lat theo hudng tir truong ngoai va tao
thanh cic budce nhay dot ngot. Co ché nay duoc méd
ta nhu trong Hinh 4.

Dé 1am rd vai trd ciia cac tham sb trat tu trong
mo hinh spin Ising canh tranh tuong tic tuong ung
v6i tinh chit tuong tac trong vat li€u thuc, phﬁn tiép
theo ching t6i khao sat anh huong ctia phan bd xac
sudt va d¢ thing giang 1én cac budc nhay tir trong

10
.t‘*" ok p=02
- . *e BT 0
s e o 7704
< 'i
= 0B84 L] *"'*-ﬁ_
-h s
= o
- [ ] i
E ey 1
2 054 "
g oy
2 ' EE S = E = F
" (a)
04 T v T T
0.00 005 0.10 0.15 020

Tir treong ngoai /1

dudng cong tir tré. Hinh 5 mo ta dién trd suét 1a ham
giam nhay bac cua tur truong ngoai 4 (don vi do theo
thang ning lugng J) & cic gia tri phan bd xéac suit
khac nhau tuong (mg véi sb twong tac lan cén gin
nhét z =4 va z = 6. Khi ting cudng tuong tac 1an can
tuong tmg sd budc nhay ting 1én, cu thé véiz = 4
hinh thanh 2 budc nhay trong khi z = 6 c6 3 bude
nhay xuit hién. Cac budc nhay xuét hién & cac gia
trj tir trudng t&i han gidng nhau & cac gia tri phan bd
khac nhau, tuy nhién xdy ra su khac biét trong do
161 cua cac bude nhay tir. Khi xac sudt p ting, do
16n dién tro sudt & cac budc nhay giam, diéu nay 1a
hoan toan hop 1y. C6 thé thiy trong cong thic (2),
xac sudt p dic trung cho sb twong tic FM con AF la
(1-p) twong tmg v&i ty 1& ndng d6 i6n Mn*" va Mn**
trong hé théng thyc. Khi p ting c6 nghia 1a (1-p)
giam hay sb luong twong tic AF giam nén gip tir
truong toi han, s€ cd it hon cum tuong tac AF bi dao
huéng. Trong dd thi so sanh giira két qua ly thuyét
va thyc nghiém & Hinh 3, x4c sudt phan bd ¢6 gia tri
p =0.47 tic 1a hé théng co6 ti 1€ twong tac FM va AF
tuong tmg khoang 47% va 53%. Két qua nay kha

Taves;, =
. w p=03
< 0.904 R p=05
= .
* .
5 LF S
- LS
& 0.75 . ey meR,
;e ’ .
=] s s
;': § . * e "o
5 0.804 *4
=t S ,
=2 . aa P
= & hets . bwvan
0.45 : T
o.o7 0.14 921 0.28

Tir trwong ngoai /1

Hinh 5: Sy phu thudc ciia dién tré sudt ty doi vao tir truong ngodi véi phdn bé xdc sudt khdc nhau va sé
lan can (a) z=4; (b) z =6.

g Ry

e

e 0.80 LA -

= L5 .H._

& e

_— [ 3

; 0.75 4 . 5

Ea: 8 b

- % B

=

b \ g

] a.80 4 \':u -

': .I *'ll

i :

2 e

o op.45 T T T T
0.a5 a.1a 015 a.24

T trwong ngoai /r

Hinh 6: Sw phu thudc ciia dién tré sudt ty doi vao tir trieong ngodi véi dg thang gidng
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trong ddng v6i két qua thuc nghiém cua vat liéu
Pr( sCag sMn, o;Gag 0303, n@)ng do i6n Mn®" va Mn*
trong vt liéu twong tng bing v&i ndng d6 cia Ca
pha tap véi Pr1a 0.5, co nghia la ti 1¢ twong tac FM
va AF déu chiém khoang 50%. Trong tuong tic giira
4 spin lan c4n gan nhét, ti 1& khoang 50% twong tac
FM va 50% AF s€ co 2 spin ddo ngugc trong tir
truong téi han va sinh ra hai budc nhay. Tuong tu
khi hé théng c¢6 6 spin l4n can gin nhat, khi ti 1&
twong tac FM va AF 1a 50% thi s€ c6 3 spin bi ddo
nguoc sinh ra ba budc nhay.

Theo cong thirc (3), thanh phan twong tc sat tir
chi biéu hién khi gia tri D > 1 va do thing giang D
lién hé v6i ndng d6 pha tap Ga trong vat lidu. Hinh 6
biéu difn sy thay dbi cia cac hudc nhay tir khi do
thiang giang D thay ddi. Chung t6i da khao sat anh
hudng cua d¢ thang giang 1én qua trinh tir hoa voi
cac gia tri gioi han, cho nén trong khao sat nay
ching t6i chi hai gi4 tri ciia tham s6 D phu hop sinh
ra cac budc nhay tir, qua d6 tim hiéu d6 thing giang
s€ anh hudng 1én cac budc nhay tur trong duong
cong tur tré nhu thé nao? Quan sat Hinh 6 c6 thé théy
ring d6 thing gidng thay dbi 1am anh huong dén vi
tri clia cac budc nhay trong tir treong. Khi D tang tir
1.03 1én gia tri 1.04, budc nhay dich vé phia tir
trueong 16n, cu thé bude nhay thi nhét thay dbi tir A
=0.05 dén & = 0.07 va budc nhay thir hai ting tir 4 =
0.12 1én dén k = 0.16. Nguyén nhan 1a do khi d6
thang giang tang c6 nghia 1a cuong d9 twong tac FM
1n AF ciing dwoc ting cudng, khi d6 s& tdn nhidu
nang lvgng hon dé cac cum twong tac AF dao nguoc
theo hudng tir trrong ngoai.

Nhu vy, md hinh Ising c6 canh tranh tuong tac
da 1am ndi bat duoc co ché cbt 156i bén trong hinh
thanh cac budc nhay tir trong duong cong tir hoa va
duong cong tir tr¢ cua cac vat liu perovskite
mangan pha tap. Nguyén nhan chinh la do su canh
tranh giita cic cum twong tic FM va AF cung ton tai
trong hé thdng & nhiét d¢ thdp. Trong mdi vat lidu
perovskite mangan pha tap cac nguyén té khac nhau
ciing nhu ndng do khac nhau s& lam thay di twong
tac bén trong hé thong, hinh thanh cic budc nhay tir
khac nhau, rat kho dé c6 dugc mdt mo hinh chinh
xac. Muc dich cua chung t6i trong nghién clru nay
tap trung vao nguyén nhan chinh cta hién tuong, do
chinh 1a cac yéu td canh tranh tuong tac. V& mit
hién tugng luan, cac tham $b cua mo hinh Ising don
gian 1a x4c suat phan b p va do thing giang D hay
s6 twong tac 1an c4n gin nhét z c6 mdi lién hé twong
quan mat thiét dén ndng d6 pha tap cta cac chat
trong hé théng thic. Tuy nhién, d& 1am ré méi quan
hé nay vé mit dinh tinh cin thiét phai thuc hién

nhitng khao sat sdu séc va chi tiét hon nita. Van dé
nay chung t6i dang tim hiéu va c6 thé s& cong bd
trong cac nghién ctru sau.
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