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tion package) AL HHE BN 7 E A7 %5 B2
1Z PREEIE (density functional theory, DFT) i1
K H] Perdew-Burke-Ernzerhof B0 {8 SCBf EE UL L)
12 RRA AR FL T3S OCHKRE. 1T BT RE 1AL
4 400 eV, B HEAN S B EIRH/N T 106 eV Al
0.01 eV/A. R 7 x 7 x 1H K 5 M A7 LA
ALF HIGTHE. BIAZE /D 18 ARy H 55 2okt
oV R b 2 52 Z IR EAE . R
BET Tsing BEAY 1) 5245 R B AL BT38) Sl AR
CrBry FIHB AR Z Y Ja LR L . YRR F e 25
G|
H=-Y 78-S, (1)
irj

Horb T N Bt AR S G B 81y 245 207

AT B AT EE. T 8] i AT AR
J = Ee/(245?), (2)
Hop B & ¥ 2 CrBry fY Néel-AFM il FM 2 ]
R et
Ee = E (Néel — AFM) — E (FM) ; (3)

S = 3/2 HEA Cr 511y iHE B9,

3 #XR5i%m

M2 CrBry J& F R3%S I FE 1Y Bily 454, DA
Br 05 Cr JEFIEM T [CrBrg) 21 /\ T
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Fig. 1. (a) Structural diagram of CrBrs monolayer; (b) band structure and density of states of CrBry monolayer. The red and blue

solid lines indicate spin-up and spin-down channels in the band structures, respectively.
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Fig. 2. Top and side views of the crystalline structure of three different doped positions of TM atoms labeled as (a) H, (b) Cr-Top
and (c) Br-Top; (d) the formation energy of TM-CrBrjy; (e) the height of the TM to Br on the surface of CrBry and the length of co-

valent bond between TM and nearest Br atom.

HRGE. L, fEELmvhet, R E S E H
FARI) TM-CrBrs (K &R. MKl 2(d) & i TM-CrBr,
(Zn BR4M) BB BCRERAR (-1.19 & -5.32 V), &
W] TM-CrBrs [WA2E PEEGR. Hr, Sc-CrBry A
FAR B BLBE (-5.32 eV), M Sc-CrBry B 454
ke . X TSR0 Zn T 5, N2
124N T g A 7 3d M 4s B, Rk, Zn 5
W CrBrs 455559, B B & (-0.47 eV),

R RGN E R 2. #F—22, 2T DFT 943
2 J1 2884 (DFT-MD), #5¢ T TM-CrBrs $
FR R HAYRIFE 300 K B9 #EE e k. 25 R0
H M RITE 5 ps i i RSSO FEFRE (8] 3). 4,
7E H A8, TM R 55481ER 6 > Br iRt
M e %R, TM—Br Il 2.59—2.68 A,
TM J T3 CrBry £ A h1E 1.45—1.54 A
FIVEREIN (AN 2(e) Fim).
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B 3 7300 K T, TM-CrBry 824K & 09 H M T AE 5 ps J5 50 T 3 1 2 A0 A 45 40 7R 7 A
Fig. 3. Snapshots of TM-CrBr; on the H site taken after 5 ps of DET-MD simulations at 300 K.

FERSk, W58 T TM-CrBry HIRE#IERE. T 1#
TR, # Cr FEFAIREE . TM JFEFAIREHE RN TM-
CrBry [ B0 36 53 0 65 44 0 Mey, My 1 Mg
SA4E CrBry f9 Mg, (3.00 pg) #H L, TM-CrBr,
5 TM B F i S8 Cr 571 Mo, A T 38 i
(3.08 up—3.31 pg), WK 4(a) AR, P2 X PG
M JE R Cr i F 31 Tk A T TM JE 153
B 7 (& 4(b)). ANFEA TM BT 22 [A 477 B Pk
225, B TM JEF7E46 & 90 h i s | o 7 1 g
A, §8 T TM-CrBry LTI 25 5. 76T
A TM-CrBr; H', Sc-CrBry H' Cr J& T3R5 19 B faf
w2, 290 0.06 e, BITXTN A M, fie K (3.31 pp).
5 Sec-CrBr; #iiz, Cu-CrBrs H' Cr J5iF3R15 1 Hi frf
/D, 294 0.02 e, FTL Mg, /) (3.08 ug).

TE TM-CrBry & &2, @i E )R 1 Cr 1 TM
JAF, B (M) EZEH Cr JEF 5Tk, #B85k
JET TM R AR M, BB (K 4(c)),
BARIKZ 43K 325, 1) Se, Ti, V, Cr, Mn $82¢
) CrBrs R &, H My KFAME CrBrs B M
(24 pp), MEBRETRIETIFEMARN (A Sc 3
Mn), H Mg SEZEPERS A . PE—25 1 UL K B,
B IE R DI INMREE 5184 TM R+ 1 ERSNZ
BT HOA 5, WA 4(c) Fias. Bilin, Sc 421
4s 1 3d FE W HFIEA 34, B, Sc-CrBry &
BRI My (27 up) HEAME CrBry (RBAE (24 up)
HOMT 3 pg. & TM BT A0, 3 Mn 5
T}, Fe AN 4s R 3d BLIE B Rk MR
2 7, B IR R My M 27 pg ZeME3E M)
31 pug (M Sc #| Mn). 2) Fe-CrBrs, Co-CrBrs Fll
Ni-CrBry R R B M, o FIMEL, BRI

PET BB, My 735124 29.08 pg, 27.43 pg Hl
26.69 pp. 3) Cu-CrBry Al Zn-CrBry KR, M,y 53
R 25 ug A1 26 pup. £ Cu-CrBry K& H, Cu i
FHANZIA 1147, Hep 10 48730 T RT
A 3d B 1Y, R — AR BT Ui R T TT
Wk 7RG, i My EEARTE CrBrg (4 5 6 38
T 1 pg. X F Zn-CrBry K R, Zn JRF /N2 3d
M 4s BLIERE 12 Do FESET, S Zn R
VG AE N, I Zn-CrBry K& 19 M, JLT-58
SR HT Cr 7T, Bk, BEE TM )75
PIBEIN, BAIR RN M KECE RN,
/NS TR 3d W IEA BB Crls, MoSe,
BRI RORR ST, 2 B0 T LB A AR R 3 [15:42.43),
PRk, #E—0158 T TM-CrBr; 1A R A0
k. R T 3T Ising A A9 S 45 R~ F B
%, X TM-CrBry 098 R & (Te) #4775,
DAL S e TM-CrBry M R G e k. A
fIE CrBrs Al TM-CrBrs H B G S5 (T ) 1)
FLARHE W3 1. THE A BIAAE CrBry (4 J{E K
2.39 meV, 52 FIATIE LS R —2 27, il iR
BN JAE, TR T HEAME CrBrs Y& BIREE, 1
AR, B2 CrBry 19 To M 41 K, 52071y
HELE R 274 TM-CrBr, R ERE (FM) 14
A5 B (AFM) MR RE R 22 (Eapm — Ern),
DL TM-CrBrs B9 T, @&l 5(a) Frs. MK 5(a)

F 1 AfE CrBry Ml TM-CrBry A 5 i) 58 454
aBs ()

Table 1.  Exchange coupling parameter (J ) of pris-
tine CrBry and TM-CrBr;.

CrBry Sc Ti V Cr Mn Fe Co Ni Cu Zn
J/meV 2.39 5.953.955.102.66 3.96 2.80 1.25 2.97 3.27 4.73
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Fig. 4. (a) Magnetic moments of TM atom and Cr atom nearest to TM atom in TM-CrBr; of H configuration; (b) charge transfer
between Cr and TM atoms in TM-CrBrs; (¢) the total magnetic moments (M,,;) of TM-CrBr;.
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CrBry 1 Cr—Cr #E 2 fil Cr—1—Cr % ff1

Fig. 5. (a) The Ezpy — Epy and Curie temperature of pristine CrBrg and TM-CrBry; (b) the Cr—Cr distance and Cr—I—Cr bond

angle in pristine CrBry and TM-CrBrs.

AT LAE 1, Bk Co-CrBry LISN, HAB 41k R 1 RE
H 22N 144322 meV, T N 46106 K, 54
CrBrs Y To AL, BIA I, Hr, Sc, V #l Zn
$B4% CrBrs 19 Te B E X, R, ScCrBry 1Y
Te ¥ T 159%. XEZE K], 3d LIELJE (Co
FRAb) $B2eRes iy iR )2 CrBry M BRBERR EPE.
L2 CrBry I8 #ERES 7] LIRHE Goodenou-
gh-Kanamori-Anderson KL 4547 Sfefif . B33
A EAE S 3Z 2IAAR Cr R+ 2 (8] 1Y B3 T BR

TR, 5 Cr JRFZ MR d G, SRS
HlH A IR d BUE NG EE. HEAC A AR
FHEPETF Cr 19 d B13EF0 Br 19 p Bl &S, B Cr—
Br—Cr #ff1 0 YesE, 5 0 T 90°, WAk #ERE
Ao, PR 2R I RESEAS R LIRS RN A S 4 AH A
FZ i 5s 4 e sg . | 5(b) 45t T TM-CrBr; &
ZPHy Cr—Cr B A1 Cr—Br—Cr #A 1251k, HH
o FAAE CrBry, TM JEF (% Co AN B2
TM-CrBr; 1& & 19 Cr—Br— Cr £ £ B8 $ i1 90°,

247401-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 247401

Energy/eV

Energy/eV

Fe-CrBrj3

6 3d TM T4 3R CrBry 1Y) F BEA AL REHT 454, 1 P2 2 OK E S BRI REHY 25 M O O PR A B ) L A0 B 1 453l

L1 SEZ FE (0 SR FROR

Fig. 6. Spin-polarized band structures of 3d TM atoms doped CrBrs monolayer. The illustration is an enlarged picture of the band

structures near the Fermi level. The red and blue solid lines indicate spin-up and spin-down channels in the band structures, re-

spectively.

Cr i Z I MEEE 43K, SECE MG 1
FER A M AH EAE G OR, 520 S R RERR A 1Y B sCH
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CrBrs [ RERSE M 0 & 58 . XTT Co-CrBrs, fH
BCFAME CrBry, Cr JRF2ZMIBEES d JLPAZE, SR
1M Cr—Br—Cr 8K T 1°, F3 Co-CrBr; H157
i) 2R R R 5 B A 40 AH B VR RIS . Rk, S ARIE
CrBr; # kb, Co-CrBr; kGRS & PEIES .

B, 5 Tk 4 8RB 280 U2 CrBrg
H A MR IR A 2 e, TM-CrBry 4K R Y REHF 454, N
Kl 6 ff7R. 78 Cr-CrBrg (K &, A g F A1 A g
] T (3 8 530 R B A SR R A SR, R,
Cr J&F#B240f CrBry WK R4 )8, fig
g 920 100% H BEM AL 1 LI 7E Sc-CrBry 544
R FE A, H A TE R A E W T A BREL S A
0.06 eV Fl 2.37 eV. R4l Wang® fyE X, SGS &
FRRE A TP B —A~ AN MR BN AR, S —
A F BT [ B0 A BT SCE A [ i 1)
()38 E AR A B, (HE b —A B i 1§ 5
3 —A FEEE By 2 R B X g <&

B 2 48 B Al F] B 4E T 5/ F 0.1 eV. 7 Sc-
CrBry KRBT A H Y, A Tié ) F i i B (e
9 2.37 eV, HiEln T M BRE Y 0.06 eV,
I, Sc-CrBry 1] LIFKA SGS. 7£ SGS #kb, BLF
JC T e T LA BRAE B S, T AE 9K
REGLAL =1 100% 19 B et b, BRI, SXRhAT AT
DIVE R 3HAR Y e L 2 e A k). [RIAE b, ¢
F& Cr-CrBrg LIS HA TM-CrBry (Sc-, Ti-, V-,
Mn-, Fe-, Co-, Ni-, Cu-F Zn-CrBr;) K&, K
H—~ e E N BN T 0.1 eV, RIH SGS
PEBT. FRZREW], AR T AR TM 55254,
TM-CrBr; (AR FIH 4 E M SGS %, 3d i
V4 I8 R - 45 2 T LM CrBry 7E40K fL F- 41
T B Y LE Y R .

4 % b

Wit RGN DFT A, hR T 3d 4R
BZAT ) CrBry MRS E T, HL2E M REFNRE 2~ 1 fE
HsZI . WFFE 45 3B, #H Lk Cr-Top il Br-Top i
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Abstract

The CrBrg monolayer is a two-dimensional semiconductor material with intrinsic ferromagnetism. However,
the low Curie temperature of CrBrs monolayer limits its practical development in innovative spintronic devices.
The electronic and magnetic properties of transition-metal atoms doped CrBrs monolayer have been
systematically investigated by using the density functional theory calculations. The formation energy elucidates
that all 3d transition metal (TM) atoms prefer to be doped in the middle of a hexagon (H) site of CrBry
monolayer. And all the TM atoms, except the Zn atom, can bond strongly to the surrounding Cr atoms with
sizable formation energy. The results also indicate that the magnetic moment of TM-CrBry system changes as a
result of the charge transfer between TM atom and adjacent Cr atom. In addition, comparing with the intrinsic
CrBrj, the T of TM-CrBr; system increases significantly, which means that the ferromagnetic stability of
CrBry monolayer is enhanced. In particular, the Tq of CrBry with Sc atom can be increased by 159%. The
enhancement of ferromagnetism is mainly due to the competition between the direct exchange and the
superexchange interaction. We also find that the electronic properties of the TM-CrBrj systems are diverse. For
example, Sc-, Ti-, V-, Mn-, Fe-, Co-, Ni-, Cu- and Zn-CrBrj exhibit spin gapless semiconductor (SGS)
properties with 100% spin polarization at Fermi level. The TM-CrBr; system can be adjusted from
semiconductor to half-metal when Cr atoms are doped into the CrBrs monolayer. This work, together with
recent achievements in the field of two-dimensional ferromagnetic materials, provides an experimentally
achievable guide for realizing the preparation of TM-CrBr; system with high Curie temperature. Moreover, the

possibility of application of these systems in nanoelectronics and spintronics is increased.

Keywords: two-dimensional materials, transition-metal doping, electrical properties, magnetic properties
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