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Fig. 1. Crystal structures of the prototype phases of (a) perovskite bulk and (b) monolayer; phonon spectra of the prototype phases

of (¢) KCuF; bulk and (d) its monolayer.
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Fig. 2. Change in energy of the structural phase caused by each octahedral distortion mode with the mode amplitude for the KCuFy
bulk (a) and its monolayer (b). The zero point of the energy curves represents the prototype phase. The energy curves of the same

distortion modes with opposite signs, such as Rt and R~ , as well as Q;r and Q5 , basically overlap, resulting in not all being

shown. The insets illustrate various octahedral rotation and JT distortion modes. The mode amplitudes of octahedral rotation and

JT distortion are represented by the displacement of anions perpendicular and parallel to their octahedral bonds, respectively.

DMETE, TV & e Rl AH 4R /N A 154 sl ] BETR]
i GEk RY) SURAH (R™), 4898 F AT 29355
My F Ry, Gnl&l 2(a) fras. JT #H il R AE 2 PR
(1, T3 Qo F1 Qs MK, AT 265 /\ T A R K
S T A —AN 7 AR T 95— 7 e (R K
P, T 25 X T PR e e T T M i (B Dy
KW, [FRE, FHARTEJZ B Qo 455 7T AEAH ]
(G20 QF ) WATREAH (iIL N Q5 ), 43 BIJE T AT
PRI My F Ry (05a) . Qs B AW 4R8N
Ry (a;0) . TEAGEKH B2 b, MR\ IR S THI M

e N B, N THARTE RS W] 43 A ieRE (Ieh R)
FEAHES G0k 1), /lE TR My Al
M, 2(b) Fras. JT HLERA AT 504 Q2 1 Q3
B, 0 JE TANRT 3R My f My

AR SCHFFE T 3ok S T AR XA Hh B 5 ke 1Y e
Wegs. Z5REM, XT KCuF, Buk, AR e
X Rl R WSS FAH RE fE 2L AR [R), S 80 40
AR LR, RDWCA eI . SR, i
(14 T HH i A2 ) d 7 s S 7R ) LA 8 i
2, BB I ICIA R AR, 1 LRy JT

017101-3


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 % 3R Acta Phys. Sin. Vol. 73, No.1(2024) 017101

AR R AT S B MR %) BE 1 A (29 0.66 eV), TR
HTRED R TR AR . T IR, Qo
B JT H1Lh 4 AR A SRS (QF Qs ) HATJL
PR RER. X T Ko,CuF, 2, /A igss Fi
fBARHE R I P R A Rl 2k, S AR B 45
RAEML. RRESE, Qs JT HMH R feE M
FAS AR . A Qo B U R B XA AL fiE
Hihsk, HIHAER R ARXT T ik i B, HUR
HAE B RIS A T H B

3.2 EIE4&EH

e KCuF; YR iy AR 251 LIk
TR HERA . 5 T R AL A S = R A% Ao
HAEFHEZEA, IFE 258 T AR S
FIFRRYRE . BT A S A AR h-HH R A= R R B PR e R
FATRME, A LA E R ES AR Re it . 4521
e NI R R WANTAL 2 i i i SR W D Ay I e e
W EAARALSS , TR Z i\ T ARG A AR 20
&, FEEERS PR AR B A A EA JT

F 1 KCuF; YA\ mif i e Hdl &

77 RS R AR Y 25 TR SARXS g (REX T 562548

I4/mem ). MR X AT 4 RR W7 S5

[ E AT 2 07 ). A5 “— IR X R 1 S5 A AR

N AR AR A TE SIS T 2K, S BCHEE Y

X PRI A

Table 1.  Space group and relative energy (relative

to the ground-state phase I4/mcm) of structural

phases resulting from the single octahedral distor-

tion mode and their various combinations for the

KCuF; bulk. The symbol “—” represents that the

octahedral rotation mode in the corresponding struc-

tural phase disappears after structure optimization,

resulting in a change in structural symmetry.
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to the ground-state phase P4/mbm) of structural
phases resulting from the single octahedral distor-
tion mode and their various combinations for the

K,CuF, monolayer.

Eiiliiiv e 23 ) AE /(meV-fu.)
0 P4/mmm (No. 123) 31.3
R P4/mbm (No. 127) —
T(a,0) Pmna (No. 53) —
T(a,a) Cmme (No. 67) —
Q2 P4/mbm (No. 127) 0
Qs P4/mmm (No. 123) 77.8
R®T(a;0) P2; /¢ (No. 14) —
R®T(a,a) C2/m (No. 12) -
R® Q2 Pbam (No. 55) —
R® Q3 P4/m (No. 83) —
Q2 ® T(a,0) P2; /¢ (No. 14) —
Q3 ®T(a,0) P2/m (No. 10) —
Q2@ T(a,a)  C2/m (No. 12) —
Q3 ®T(a,a) C2/m (No. 12) —

017101-4


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 % 3R Acta Phys. Sin. Vol. 73, No.1(2024) 017101

20

Frequency/THz
Frequency/THz

K3 (a) KCuF; B A (b) 82 L 540 B9 75 1 1%
Fig. 3. Phonon spectra of the ground-state phases of (a) KCuF3 bulk and (b) its monolayer.
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Fig. 4. Up-spin and down-spin projected band structures of the prototype (a) and ground-state phases (b) of the KCuF; bulk. The
insets show the corresponding crystal structures. The energy bands (gray curves) in the valence bands that do not show color pro-
jection are mainly derived from the 2p orbital of the F~ ions. In the calculation, the ferromagnetic phase was used for both proto-
type and ground-state phases for comparison. For the ground-state phase, the global Cartesian coordinate system is rotated by 45°

around the z axis to coincide with the local crystal-field coordinate system, where the z axis is along the longest bond of the selec-
ted octahedron.
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The inset shows the staggered orbital order formed by the d

ﬁ%ﬁﬁ Ij‘] i%ﬁiﬁa }J\ﬁﬁﬂ:ﬁm dg2 .2 /dy2—z2 it orbital holes in the ground-state phase of the monolayer.
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Fig. 6. Up-spin and down-spin projected band structures of the prototype (a) and ground-state phases (b) of the K,CuF, monolayer.
The insets show the corresponding crystal structures. The energy bands (gray curves) in the valence bands that do not show color
projection are mainly derived from the 2p orbital of the F ions. In the calculation, the ferromagnetic phase was used for both proto-
type and ground-state phases for comparison.
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Fig. 7. Change in (a) energy of various magnetic phases (relative to A-AFM) and (b) magnetic exchange interactions with the relat-
ive amplitude of the JT distortion in the KCuF; bulk. Relative amplitude of JT distortion of the ground-state structure is set to 1.
Magnetic orders considered include FM, and A, C, G type AFM. The inset shows the magnetic exchange interactions considered in
the KCuF3 bulk, including the in-plane nearest-neighbor Ji , the out-of-plane nearest-neighbor J2 and the next-nearest-neighbor
J3 . Change in (c) energy of various magnetic phases (relative to FM) and (d) magnetic exchange interactions with the relative
amplitude of JT distortion in the K,CuF, monolayer. Magnetic orders considered include FM, staggered (S5), and T11) (E) type

AFM. The inset shows the magnetic exchange interactions considered in the K,CuF, monolayer, including the nearest-neighbor Ji
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Fig. 8. Magnetic anisotropy of the ground-state phases in
the KCuF; bulk and its monolayer, where the energy is

shown as a function of spin angle (relative to ab plane).
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Abstract

With the decrease of system dimension, the quantum confinement effect and electronic correlation
interaction inside the material will be enhanced correspondingly, often resulting in some novel physical
properties. Recently, the freestanding perovskite oxide films as low as the monolayer limit have been
successfully prepared and can be transferred to any desired substrate, which provides a great opportunity for
exploring the functional properties of two-dimensional perovskite. In perovskite materials, Jahn-Teller distortion
and orbital order often cause a variety of correlated electronic behaviors. However, unlike van der Waals
materials that retain their structural and chemical bonding characteristics when they are reduced to the
monolayer limit, perovskite materials may undergo structural reconstruction when they are reduced to two
dimensional structures. Therefore, what are the issues to be solved urgently are whether Jahn-Teller distortion
and related effects exist in the perovskite monolayer limit, and whether two-dimensional perovskite can exhibit
some new properties different from its bulk phase. In this work, perovskite fluoride KCuF5 and its monolayer
have been comparatively studied by the first-principles calculation, symmetry analysis, and Monte Carlo
simulation methods, revealing the change in lattice dynamics, structural, electronic, and magnetic properties
caused by dimensionality reduction in perovskites. The results show that the cooperative Jahn-Teller distortion
and the in-plane staggered orbital order occurring in the KCuFj3 bulk can be retained to the monolayer limit.
However, unlike the bulk phase, the Jahn-Teller distortion mode appears as a soft mode of the prototype phase
in the monolayer, and the insulating property of the monolayer does not rely on the emergence of the Jahn-
Teller distortion, but it is related to the enhancement of the electronic correlation effect. The staggered orbital
order causes the nearest-neighbor exchange interaction to be ferromagnetic, resulting in the monolayer being a
two-dimensional ferromagnetic insulator, different from the antiferromagnetic phase in the bulk. Monte Carlo
simulations predict that the Curie temperature of the monolayer is about 5 K, which is much lower than the
Néel temperature of the bulk phase, indicating that the disappearance of interlayer coupling leads to a
significant reduction in the magnetic phase transition temperature. This work provides guidance and reference
for studying the two-dimensional perovskite materials and designing the perovskite-based two-dimensional

ferromagnets.
Keywords: first principles, Jahn-Teller distortion, orbital order, two-dimensional ferromagnetism
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