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cua vat liéu hai 16p Chromium trihalides - CrXs (X = 1, CI, Br)
bang ly thuyét phiém ham mat do
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trihalides — CrXs (X = 1, Cl, Br) by the density functional theory

Tran Tudn Anh*
Tran Tuan Anh*

Khoa Khoa hoc Ung dung, Trwong Pai hoc Sie pham Ky thudt Thanh phé Ho Chi Minh, Tp. Ho Chi Minh, Viét Nam
Faculty of Applied Sciences, Hochiminh City University of Technology and Education, Hochiminh City, Vietham

(Ngay nhdn bai: 16/3/2023, ngay phdn bién xong: 181312023, ngay chdp nhdn dang: 02/4/2023)

Tom tat

Chung t6i bao cao mdi lién hé giita thir ty xép chdng va tinh chét tir tinh cua hai 16p CrXs bang cach sir dung 1y thuyét
phiém ham mat do. Chung t6i chi ra rang trat tw xép chong c6 thé 1am thay ddi trang thai nén tir tinh. Bang cach thay
dbi trat tu sap xép gitra cac 16p, ngudi ta 6 thé diéu chinh twong tic trao doi giita cac 16p giita phan sit tir va sit tir. Két
qua ctia chung t6i khong chi dwa ra mot 16 giai thich kha di cho sy thay d6i tinh chét tir trong 16p kép CrXs ma con cé y
nghia trong cac cAu trac di thé 1am vat liéu tir hai chiéu.

Tir khéa: Chromium trihalide; vat liéu hai 16p nguyén tr; 1y thuyét phiém ham mat do; cu truc xép chdng; tinh chit tir.

Abstract

We report the relation between the stacking order and the magnetic properties of the bilayer CrXs using the density
functional theory. We show that the stacking order can modify the magnetic ground state. By varying the arrangement
order between the layers, one can modulate the interlayer exchange interaction between antiferromagnetic and
ferromagnetic. Our results not only offer a possible explanation for the change in magnetic properties in the bilayer
CrXs with stacking-dependence, but also have applications in heterostructures such as two-dimensional magnetic
materials.

Keywords: Chromium trihalide; bilayer; density functional theory (DFT); stacking-dependence; magnetic properties.

1. Giéi thiéu ndi bat cho loai vat liéu st tir moi nay. Qua do

Gan ddy, nhiéu cong trinh thyc nghiém va ngay Cérrlg mo rong p}’lam vi nghién ciru doi voi
tinh todn 1y thuyét da khém phé ra mét sb vat viéc ché tao céc thiét bi spintronic va quang
li¢u sat tir hai chiéu (2D) méi, cu thé ho chat tur

tinh cach dién CrX3 (X = Cl, Br, I) 1a dai di¢n

dién tir thap chiéu dua trén cau trac nhiéu 16p
ctia vat liéu 2D [1]. K& tir khi chirg minh tinh
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sat tir ndi tai trong cic mang mong tinh thé
nguyén tir, dd c6 rat nhiéu sy quan tdm dén vat
lidu sit tir hai chiéu (2D). Ngay sau lan dau tién
phat hién don 16p Crls, vat ligu 2D tur tinh
CrX3(X =1, Br, Cl) da tao ra sy quan tam
nghién ctru 16n. Trong khi Crls dang khdi 1a st
tir (FM), né tré thanh phan sat tir (AFM) khi ¢6
d6 day mét vai 16p nguyén tir [2]. Mot sd hién
tuong thu vi lién quan dén cac 16p phan sit tir
da dugc quan sat, bao gdm ca hién tuong tir trd
xuyén ham khéng 16 khi Crls dugc sir dung lam
rao thé va hiéu Gng quang tir Kerr [1, 2]. Mot
s6 tinh chat ctia don 16p sat tir nay da duoc tinh
toan ly thuyét va thyc nghiém, tuy nhién, su
hiéu biét vé hé da 16p van con kho nim bat. Su
tuong tac gitra hai 16p hodc da 16p, hay dac biét
1a cac thay doi cua tinh chat dién-tir di v6i cac
hinh dang xép chong khic nhau cua vat licu
CrXs phan 16n chua dugc khdm pha va khao
sat. BPugc thic déy bdi dong luc trén, trong bao
c4o nay, chiing toi kham pha méi lién hé giira
cu tric tinh thé va tinh chét dién - tir clia vét
liéu hai 16p CrXs bang cach sir dung céc tinh
toan bang 1y thuyét phiém ham mat do (DFT).

2. Phwong phap nghién ciru

Chung toi bao céo két qua vé cac tinh chat
dién - tir ciia don 16p CrXs (X = Cl, Br, I), dong
thoi 1am sang to mdi lién hé gita hinh dang sap
xép cac don 16p va céac thudc tinh dién - tir cua
vat lidu dang hai 16p CrXs bang cach sir dung 1y
thuyét phiém ham mat d6 (DFT). Chung toi chi
ra rang hinh dang xép chong xac dinh trang
thai, tinh chat dién - tir cia CrXs. Hinh dang
xép chong giita cic 16p anh huéng dén tuong
tac trao d6i da 16p (tinh chat phan sat tir va sit
tir), dong thoi anh huong dén céu trac dai ning
lvong (band structure), ving cidm (band gap),
cling nhu tinh chit dién cia chit ban din hai
16p CrXas. Cac tinh toan dugc thyc hién theo ly
thuyét DFT duoc trién khai trong phan mém
moé phong Quantum espresso (QE) két hop voi
ham thé duoc st dung c6 dang GGA véi ham

thé PBEsol dugc chon dé tinh toan [3]. Dé xir
ly twong tac Coulomb tai chd manh cia cac
dién to dia phuong, khong dugc mo ta chinh
x4c boi phiém ham GGA, Iy thuyét Hubbard
(U) [4] duoc van dung c6 gia tri U = 3 eV cho
16p d ctia nguyén tir Cr dé tinh toan d6i véi cac
mdi trong quan dién tir manh, theo dé xuit ctia
Liechtenstein va cong su [4]. Dé tinh toan cho
don 16p va hai 16p vat lieu CrXs dugc chinh
x4c, mot ving chan khong 20 A cach déu hai
bén cua 16p mang da dugc sir dung. Cac tinh
toan cho tdi wu cu trac cua cac vat liéu khao
sat dugc thyc hién véi diéu kién hoi ty 10° Ry,
xéac dinh gia tri hang sé song k trong tinh toan
st dung ludi Monkhorst-Park véi gia tri 8 x 8 X
1 va nang luong cat song phang [1] 1a 500 Ry.

3. Két qua va théo ludn

Trong phan nay chung t6i trinh bay két qua
theo trinh tu tir don 16p dén da 16p. Muc tiéu
clia ching toi 1a tim hiéu sy anh huéng cua
cach xép chdng giita 2 16p don nguyén tir cla
vat liéu CrXs dén trat tu tir tinh trong cua cac
cau triic nay, do d6, dau tién ching t6i bat dau
thao luan véi cdu trac tinh thé. Hinh la biéu
dién don 16p CrXs bao gém cac ion Cr®* tir tinh
tao thanh mang tinh thé to ong, voi moi nguyén
tir Cr lién két v6i sdu nguyén tir X tao thanh
mot khoi tdm mit chia sé canh. C6 thé thu duoc
dang khdi cia CrXs bang cach xép chong céac
don 16p nay. Dang khdi CrXs c6 hai pha ton tai
phu thudc nhiét do, pha nhiét do thap (dudi 210
K) véi nhom khéng gian R3 va pha nhiét do
phong v61 nhom khong gian C2/m [5,6]. Trong
b&o cdo nay, chung to6i thuc hién céac tinh toan
d6i v6i pha nhiét d6 phong. Hinh 1b cho thay
cdu tric AA duoc tao thanh bing cach xép
chdng hai don 16p va gitt nguyén toa do (X, y)
clia cic nguyén tir. Trong khi d6, dé thu duoc
ciu tric AB, chung t6i c¢6 dinh don 16p phia
trén va dich chuyén don 16p phia dudi di mot
doan (x°,y’) = (x-1/3, y+1/3).
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Céac nghién ctru 1y thuyét cho thiy céc truc
dé tir hoa cua tit ca cac don 16p CrXs nam
ngoai mit phang gidng nhu dang khdi cua
chung. Tuy nhién, cac thi nghiém gan ddy chi
x&c nhan 1y thuyét nay ding cho don 16p CrBr3
va Crls, trong khi don 16p CrCls dugc phat hién
1a ¢6 tryc d& tir hoa trong mit phing. Piéu nay
c6 thé gay ra tinh chét tir khac biét so v6i CrBrs
va Crls khi ¢ dang hai 16p. Cac nghién ctru ly

b)

CAu tric AA

thuyét cho thiy cac truc dé tir hoa cua tat ca cac
don 16p CrXs ndm ngoai mit phing gidng nhu
dang khdi cia chung. Tuy nhién, cic thi
nghiém gan ddy chi xac nhan Iy thuyét nay
dang cho don 16p CrBrs va Crls, trong khi don
16p CrCls duogc phat hién 1a c6 truc dé tir hoa
trong mat phang. Diéu nay c6 thé giy ra tinh
cht tir khdc biét so v6i CrBrs va Crls khi ¢
dang hai lop [7-10].
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Hinh 1. a) Mang nguyeén tur phing cua vat liéu don l6p CrXs (X=I, Cl, Br), theo hudng tur trén xudng, doc truc ¢. Hinh
binh hanh mau d6 biéu dién cho mdt 6 don vi. b) Ciu trac hai 16p (AA va AB) dugc tao thanh tir don 16p cua vat lidu
CrXs (X=I, Cl, Br), theo hudng tir phai sang trai, doc truc.

Dbi v6i ciu tric AA va AB, chung toi déu
tinh todn nang lugng cho hai trang thai tur tinh
1a sat tir (FM) va phan sit tir (AFM). Tir do,
ching to1 tinh toan sy chénh I¢ch nang lugng
gifta trang thai sit tir va phan sit tir, néu trang

thai nao c6 nang luong thép hon thi vét liéu sé
thé hién tinh chat d6 1a trang thai nén. Céac két
luan vé tinh chat tir dwoc rat ra tir két qua tinh
toan tong ning luong (total energy), dugc thé
hién trong Bang 1.

Bang 1. Két qua tinh toan hiéu ning luong twong tac tir (AE) cua cac ciu tric cua vat liéu hai 16p

Céu tric AE = Earm - Erm (RY) Tinh chat
Crlz - AA 3,08565x107° Sat tu
Crls - -4,81217x107 Phan sat tur
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CrCls - AA -2,85513%1073 Phan sit tir
CrCls - AB 3,59687x1073 Sét tur
CrBr3 - AA 8,926x10° Sat tir
CrBr3 - AB 5,712x10° Sat tir

RS rang, hai 16p Crlz céu traic AA - FM c6
téng nang luong nhod hon so véi cdu tric AA -
AFM. Diéu nay hoan toan ding véi cac két qua
da dugc khao sat trudc day [1], trong khi do
céu trac hai 16p Crls - AB thé hién tinh phan sat
tir (AFM) khi c6 nang luong thip hon. Cac tinh
toan ddi voi CrBrs (AA, AB) va CrCl; (AB)
cung cho két qua 1a chung déu thé hién tuong
tac sat tir. Tuy nhién, két qua ddi véi CrCls -

AA cho thdy ciu tric nay c6 tong ning luong 1a
nho hon véi ciu tric phan st tir (AFM), diéu
nay nguoc voi két qua cia vat liéu hai 16p Crls
(cAu trac AA va AB). Bé 1am 1 hon nita cac
tinh chit cta vat liéu CrXs, cac két qua vé nang
luong, cac thong sd lién két va goc lien két
cling c6 sy phu thudc tuong tu, dugc chiing to1
téng hop trong Bang 2.

Bang 2. Tong hop cic thong s mang cua cac vat lidu CrXs (X = I, Br, Cl) sau khi t6i wu ciu
trac.

Thong | Pon | Crls Criz [Ponléop| CrBrs | CrBrs | Ponlop| CrCls | CrCls
S0 16p AA- AB- CrBrs |AA-FM|[AB-FM | CrCls AA- | AB-FM
Crls FM AFM AFM
Eg (eV) [0,8554 | 0,6649 | 0,9020 | 1,4807 | 1,5326 | 1,517 | 2,0859 | 2,032 | 1,9823
Cr-X [2,7907 | 2,79 | 2,7940 | 2,5597 | 2,5528 | 2,5574 | 2,3891 | 2,3884 | 2,390

(A)
Cr-Cr [4,1034| 4,1194 | 4,0908 | 3,4560 | 3,7618 | 3,7655 | 3,2105 | 3,5373 | 3,5381
(A)
X-X [3,7809| 3,768 | 3,8047 | 3,4560 | 3,4621 | 3,4598 | 3,2105 | 3,2101 | 3,211
(A)
Ocrx-cr | 94,781 | 95,108 | 94,236 | 95,070 | 94,681 | 94,875 | 95,579 | 95,568 | 95,594
(©)
a(A) [7,1081| 7,125 | 7,0934 | 6,5435 | 6,5194 | 6,522 | 6,1306 | 6,126 6,131
O2-layers | =====---- 6,988 | 7,0033 |---------- 6,8805 | 6,8071 | --------- 6,398 6,426
(A)

Dé tim hiéu dugc cic co ché bén trong, ddng
thoi so sanh tinh chat ciia cic cau trac don 16p
va hai 16p AA va AB cua ba chit voi nhau,
chung t6i 1an luot tinh toan cau tric ving ning
lugng va mat dg trang thai (PDOS) cua vat li¢u
don 16p CrX3 va vat li¢u hai 16p Crls (AA, AB),
CrCls (AA, AB) va CrBrs (AA, AB) ddi voi
nhitng trang thai tir tinh ¢6 ning lugng thap hon
(trang thai nén tir tinh). Cac két qua duoc trinh
bay trén cac hinh 2-5. Theo d6, mat do trang
thai ctua dién tr c6 trang thai mat do thép (spin-
down) dugc gan gia tri am dé d& dang quan sat.
Céc thong s6 mang ciing dugc liét ké nham so

sanh gitra cdu trac don 16p va hai 16p. Cac két
qua cho thay, rd rang tit ca don 16p CrXs déu
thé hién 1a ban din xién, trong d6, d6 rong ving
cam (Eq) ting tir Crls (0,8554 eV) dén CrBrs
(1,4807 eV) va CrCls (2,0859 eV). Tuy nhién,
cdu triic ving ning lugng cia CrCls ¢6 sy khac
biét so vai Crlz va CrBrs khi dinh ving hoa tri
nam ¢ diém M (Hinh 3a). Chiing t6i thay rang
co su lai hoa manh giira cac trang thai Cr-3d va
trang thai halide-3p/4p/5p & gan mic Fermi,
diéu nay chimg t6 rang tuong tac trao d6i p-d
gian tiép dong vai trd quan trong trong twong
tac sit tir cua don 16p CrXs (X = Cl, Br, 1) [5].
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Hinh 2. Cau tric viing nang lugng va mat do trang thai riéng (PDOS) tinh toan cho: a) Vat liéu don 16p
va b) Vat li¢u hai 16p CrBrs (cau tric AA va AB) véi cac gia tri spin up va spin down.

3.1. Déi véi vit liéu CrBrs rong ving cam (Eq) ctia vat liéu hai 16p 16n hon
so v6i don 16p, hon nita twong tac sit tir cla
cau tric AA c¢6 Eg nho hon so voi tuong tac sat
tir ctia cdu trac AB. Mot két qua kha tha vi va
gan nhu trai nguoc voi Crls, d6 13 cac do dai
lién két va hing s6 mang a giam khi CrBrs
chuyén tir dang don 16p sang hai 16p (Bang 2).

Db thi cau tric ving ning luong ciing nhu
mat do trang thai (PDOS) cua don 16p va da lop
CrBr3 dugc thé hién trén Hinh 2. Tinh toan
nang lugng clia cac cau tric toi wu cho thdy, vat
lidu hai 16p CrBrs déu thé hién tinh sat tir (FM)
& ca hai ciu tric xép chong AA va AB. Po
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Hinh 3. Cau tric ving nang lugng va mat d¢ trang thai riéng (PDOS) tinh toan cho: a) Vit liéu don 16p va
b) Vat liéu hai 16p CrCls (cau traic AA va AB) véi cac trang thai chiem mat dg cao (spin up) va mat do thap (spin down).

3.2. Poi véi vit liéu CrCls

Céc két qua tinh toan ciu trac toi wu cta vat
lidu hai 16p CrCls cho thiy ning lugng ving
cdm Eq giam khi thay d6i cdu trac tir don 16p
sang hai 16p. Cac thong sé vé goc va do dai lién
két nhin chung c6 sy trong dong véi Crls. Tuy
nhién, chung t6i nhan ra cdu trac dang hai 16p
CrCls - AA lai thé hién tinh chat phan sit tir
(AFM), khac biét voi ciu tric hai 16p Crls - AA

c6 tinh chat sit tr (FM). Cau trac ving ning
luong va mat do trang thai cua vat li¢u don 16p
va hai 16p CrCls (ciu tric AA va AB) duoc thé
hién trong Hinh 3. Cac tinh toan ctia ching toi
chting minh vat liéu hai 16p CrCls déu 1a céac
ban dan xién va co sy khac nhau vé trang thai
tir tinh & ciu trac AA va AB. Trong d6, hinh
dang xép chong AA wu tién ton tai trang thai
phan sat tir (AFM), con hinh dang xép chong
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AB lai thé hién tinh sit tir (FM), diéu nay khac
hén so v6i vat liéu hai 16p CrBrs va Crls (Béng

luong cho thiy vat liéu CrCls ¢6 dinh ving héa
tri nam tai diém M, do d6 c6 su khac nhau vé

1). Bén canh d6, quan sat cdu trac ving ning  tinh chit dién so voi CrBrs va Crls,
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Hinh 4. Ciu trac ving niang luong va mat do trang thai riéng (PDOS) tinh toan cho: a) Vat liéu don 16p va b) Vit liéu
hai 16p Crls (cau tric AA va AB)vai cac gia tri spin up va spin down.

Ciu trac ving nang luong va mat do trang
thai (PDOS) khi phan cuc spin, thu dugc tir cac
tinh toan DFT cua vét li¢u don 16p Crlz va vat
liéu hai 16p ciu tric Crlz - AA - FM va Crls -
AB - AFM dugc thé hién trong Hinh 4, cac

vung dudi muc Fermi c6 trang thai da so6 do cac
electron mirc tzg chiém hoan toan trong khi ¢

ving dan (trén muc Fermi) duoc tao thanh tir
trang thai da s do cac electron muc eg. Tir
Hinh 4, c6 mot s6 dic diém quan trong nhu
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sau: Thur nhét, cdc cu trac ving niang luong
trang thai chiém da sd spin - up
(dudng mau xanh) va trang thai chiém thiéu sb
spin - down (duong mau do) trong pha FM
duoc tach ra gin cic canh cia ving ning
lugng, trong d6 mat d trang thai ctua dién tir co

doi véi

gié tri spin-up chiém wu thé, dan dén mét tong
momen tur 16n (~ 3,7 uB/Cr). Nguoc lai, cac dai
spin - up va spin - down trong pha AFM gan
nhu bi chong chip nhau, diéu nay din dén
momen tir tong cong gin bang 0 trong pha
AFM. Két qua nay cta chung toi phu hop véi
cong trinh 1y thuyét gan day caa Larson [11].

Thir hai, dbi véi Crls, so sanh FM véi AFM,
chung t6i thdy ring dinh ving din (CBM)
chuyén tir K trong FM sang I trong AFM, trong
khi vi tri ciia ddy ving hoa tri (VBM) van giit
nguyén, dan dén mot qua trinh chuyén doi tur
ban dan gian tiép sang truc tiép, trong do co su
nhdy bac cua cac electron c6 gia tri spin down.
Thir ba, cac cau trac lién két ving ning luong
(the band topologies) gain VBM va CBM ciing
khac biét gitra cic pha AFM va FM. Nhimg két
qua nay ching minh rang thir ty tir ¢4 ¥ nghia
quan trong d6i v6i cac cdu triic ving ning
luong, dic biét 1a ¢ gan cac diém d6i xtng.

Hinh 5. M6 phéng mét d6 spin cta vat liéu hai 16p Crls - AA - FM (16p vé mau xanh - spin down va mau d6 - spin up).

Trong bao cao nay, ching t6i dua ra cac mo
phong vé mat d6 spin (Hinh 5) caa vat liéu hai
16p Crls - AA — FM, quan sat 16p vo mau xanh
nhat (thé hién gia tri spin down) va mau dé (thé
hién gié tri spin up) bao quanh cac nguyén tu.

Hinh 5 cho thiy, khi cac nguyén tir Cr duoc
gan gié tri spin up (mau do) thi cac nguyén tir
halogen s& mang gia tri spin down (mau xanh
nhat). Do nguyén tr Cr & mdi 16p nam cach xa
nhau nén khong thé hinh thanh trao ddi truc
tiép Cr-Cr, ma phai gian tiép théng qua hai
nguyén tir I-6t, do d6 hinh thanh tuong tac siéu
trao doi (super-super-exchange) Cr-1-1-Cr gitta
hai 16p. M6 phong nay phu hop véi giai thich
vé co ché tuong tac vi mo trong vat liéu hai 16p
Crlz dugc cong bd trude day [2].

4. Két luan

Trong cac két qua cta cau trac sat tir (FM),
cac quy dao Cr-3d bi chiém chi duoc tim thay
theo hudng spin-up va trang thai Cr-3d spin -
down hoan toan khong duoc 14p diy. Nhimg
két qua nay c6 thé duoc hiéu bang cich st dung
1y thuyét truong tinh thé. Do cac ion Cr®* nam
trong moi truong bat dién duoc phdi hop bai
sau ion X-, nén cac quy dao Cr-3d duoc chia
thanh ba quy dao tog 6 mirc ning lwong thap va
hai quy dao teg cO muc nang luong cao hon.
Theo quy tic Hund va nguyén tic loai trir Pauli,
c4c ion Cr3* s& thé hién cdu hinh dién tir t325e%,
do d6 tit ca cac quy dao 3d bi chiém phai & mot
trong cac hudng cua spin. Ttr cadc nhan xét trén,
c6 thé dé dang giai thich cho mat do trang thai
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& clu tric phan sit tr (AFM). Véi spin cua
nguyén tor Crom ¢ mdi 16p nguoc nhau, mat do
trang thai s& gan nhu ddi xing, day 1a két qua
khi két hop cac quy dao Cr-3d bi chiém giit ¢
mdi 16p. Hon nita, ving hoéa tri bi chi phdi boi
cac trang thai Cr-3d dugc lai hoa véi trang thai
X-p theo cd hai huéng phan cuc. Va mat do
trang thai ctia vung hoa tri theo huong spin-
down gan nhu hoan toan thé hién béi quy dao
X-p. Di v6i phan trén ciia ving hoa tri (gan mirc
Fermi), mat do trang thai dugc dong gop boi cac
dién tir X-p két hop véi hdn hop cac trang théi
Cr-3d (tog Va &g) trong CrXz va su dong gop cua
X-p ting theo s hiéu nguyén tir X.

Qua tinh toan mat do trang thai, ching toi
nhan théy ¢6 su khac nhau vé mat do trang thai
cua cac dién tor quy dao X-p va Cr-d khi phéan
bb & ving dan trong ciu trac CrXs. Cu thé, ddi
v6i vat liéu hai 16p Crls, mat dJ trang thai cia
electron quy dao I-5p 16n hon so véi1 quy dao
Cr-3d. Tuy nhién, vdi vat liéu hai 16p CrBrs,
mat dJ trang thai cda electron & hai quy dao
nay gin nhu bang nhau. Va khi tinh toan dbi
v6i vat lidu hai 16p CrCls, ching t6i nhan thay
két qua trai ngugc voi hai 16p Crls khi mat do
trang thai cua electron quy dao Cr-3d 16n hon
so voi quy dao CI-3p. Nhu vay, tinh chit dién
va tr phu thudc vao nguyén tir halogen.
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