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Fig. 1. (a) Schematic crystal structure and (b) phonon spec-
trum of the prototype phase of Sr,RuO, monolayer.
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Fig. 2. Energy variation of each distortion mode with the
mode amplitude for the SryRuO, monolayer, involves (a)
rotation (R) and tilt (T), and (b) JT; and JTy modes. The
illustration shows four lattice distortion modes, where the
curved arrows represent the direction of octahedral rota-
tion and the straight arrows indicate the direction of anion

displacement.

AR SCHIFGE T R S A HH A B R T
AR R MR, X T HA 4R ] 2938 R i iiaH s
X, ZEWFIF S T(a,0) Ml T(a,a), 535050 F
NI ARG ASHh 15 % 8% 577 [110] A1 [100] 7 1), 4
Bl 2(a) fras, XF T/ HABER: AR A, 1
A et A 5 A BE T i 2 2 HE LR ) ORI AR i
B 0.18 eV /fu., BIRE /\HIARTEFE AR

HBLRE S W AR AR R A RE &, MBTARHS X A BE
IRZ R TR, B RER AR . X TR JT
i, EATRORE R 2R B LR R 2R R,
K 2(b) Bz, B BURBEREIRIR R B RERE. X 2b2f
R RS ISR TR AR 2 B A
PR P U B A TRE 1, IR R4S BE
REREARAR R A RERE.

3.2 EXEH

J T SroRuO, R IEALEH, BT
g ol s W AR A R LA P A B 5 S B 25 A . 7
PREFXTFRPE AT R o8 2t 1 B Ak br A THT PN
s R TR T B A R . 25 IR R,
A AL B A~ dis A A X ) 25 A AR B Tk A e
FEAE, ANk 1 5. 302 T A — 28 s
B AL MRS T %, DN S 8O0 B & A= A8
k. X RN G | R S5 F9 A, /T e i
MG ASHSE 2™ Az 1Y) 45 F0 AR YY) RE S8 Ao e A2 7R, 1T R
Bt JT HH A= R A S5 R AR 2 Te ik A R e, B
TELEFIPEAC IS T 5. BRI HR 7= A A 45 R4 A1 5 S A
FHIRE AR BT, NHERH Ih ™= A= P 25 R AH 1 g
HE LT R, FECLECN SroRuO, HLZ 1 3
B (Z5 () BE P4/mbm ). 338645 5 5 R8Ik 45 1
REE R, B R AR BER AU H 3T LI
AR R ARERE. L, AHX T IR AR, LS L5
WL T N RBERE LN, anE 3(a) B,

J T ARG AATESE UXE SryRuO, B )2 3
D5tz #E— LR AR AR UME Uer =
0,0.5, 1.5 F1 2 eV FHIT5 T Fr A G5 AHA BE &
W 1 Frd0, BR T Uer = 0 F1 0.5 A5 RHAL i AR =X
FEA SR N FAR A1, HA I 25 AH RS
PR &AM, FERTAE) UEF, e i XA 1
MM LR 2 B SR p Re R U (AR U I

SR AR SR AR S5 4. S T IESE SroRuO, L2
FERGE PR, THE T SESH  FRE I T
T RS T3 1, o3 BINIESE T S5
12l Ty R 2Rt iniEl 3 iR,

3.3 HEFHER

B T RIISE StaRuO, HLJZ S B A
SEHILLR R Ut TR, 1 A(a) B, HOKRES
BRFIE 0 B 32 S0 T Ru 3 F19 4d BUIB, 006
/T 2yl B R 0

226101-3


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
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. 73, No. 22 (2024) 226101

K1 SroRuOy HUZAN ) b W AL 155X B HEA AL I AR B G5 AR AR RO XS FRPEFIR[R] U (BN A AR RE &, FErh 25
MRER B E A 0. 455 “— FoR X LM RRE , RIZid S5 AL 5 e 2 o A ZE R A

Table 1.  Symmetry and the relative energy at different U values of structural phases resulting from different distortion

modes and their various combinations for the SroRuQO, monolayer. Energy of the ground-state phase is set to 0. The symbol

“__»

after structural optimization.

represents that the corresponding structural phase is unstable, that is, it is transformed into another structural phases
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Fig. 3. Crystal structure (a), phonon spectrum (b), and first-principles molecular dynamics simulation (at 300 K) (c) of the ground-

state phase of Sr,RuO, monolayer.
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Fig. 4. Projected up and down spin band structures of the ground-state phase of Sr,RuO, monolayer at different U values:

(a) Uegr = 1.2 eV; (b) Uegr =2 €V; (¢) Uer =0 €V.
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Fig. 5. (a) Schematic of different antiferromagnetic orders and their relative energy (to ferromagnetic order) for the ground-state

phase. (b) Energy curves of magnetic anisotropy for different spin planes, and (c) magnetization and specific heat curves in Monte

Carlo simulation calculated at Ugy = 1.2 eV.
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Table 2. Nearest neighbor (Ji ) and next nearest

neighbor (J2 ) magnetic exchange interaction para-

meters, magnetic anisotropy constant (K), magnetic

moment (M) and Curie temperature (7¢) calcu-
lated at different U values.

Ueg/eV  Ji1/meV  Jo/meV K/meV M/ pug Tc/K

0 11.48 1.35 1.57 0.73 81
0.5 15.39 1.73 1.11 0.96 111
1.2 25.34 -2.41 1.83 1.43 177
L5 31.18 -3.90 1.70 1.44 195

2 38.38 -8.53 1.81 1.47 202
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Fig. 6. (a) Variation of the up-spin band gap and magnetic
moment, and (b) magnetic exchange interaction, magnetic
anisotropy constant and Curie temperature with the elec-
tric-field intensity.
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Abstract

At present, the research on two-dimensional (2D) ferromagnets is mainly concentrated on van der Waals
materials, while the successful preparation of strain-free freestanding 2D perovskite films provides a great
opportunity for designing 2D ferromagnets beyond van der Waals materials. Perovskite oxide SrRuQj3, a typical
perovskite itinerant ferromagnet, has broad application prospects in many fields. In this work, the lattice
dynamics, ground-state structure, electronic and magnetic properties of its perovskite monolayer with formula
SroRuQy, as well as the effect of external electric field, are studied by combining first-principles calculation,
symmetry analysis and Monte Carlo simulation. The influence of the Hubbard parameter U is also revealed.
The results indicate that the ground-state structure under all U values presents the structural phase (space
group P4/mbm) generated by octahedral rotation distortion. Similar to the SrRuOj bulk, Sr,RuO, has a
monolayer ground-state phase that exhibits ferromagnetism, which is independent of the U value and thus
robust. Density functional theory calculation using Hubbard parameter U predicts the ground-state phase of the
monolayer to be a ferromagnetic half metal with an out-of-plane easy-magnetization axis, while excluding that
the U parameter predicts the ground-state phase to be a ferromagnetic metallic state. The ferromagnetism
mainly originates from the strong ferromagnetic exchange interaction between the nearest neighbor spin pairs.
The simulated Curie temperature of the SryRuO4 monolayer is 177 K, which is close to the value (150 K) of its
bulk phase. The out-of-plane electric field does not change the ground-state structure nor ferromagnetism of the
SroRuO, monolayer, but can significantly modulate its electronic property and magnetic property. When an
external electric field exceeding 0.3 V/A is applied, the system undergoes a transition from a ferromagnetic half-
metal state to a ferromagnetic metallic state. This work indicates the potential application of SryRuO,
monolayer in low-dimensional spintrnic devices, and provides a reference for developing perovskite-based 2D

ferromagnets and realizing the control of 2D magnetism by electric field.
Keywords: two-dimensional ferromagnetism, perovskite, first principles
PACS: 61.50.Ah, 71.15.Mb, 75.30.Et, 75.70.Ak DOI: 10.7498 /aps.73.20241042
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