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Fig. 1. (a) The relative energies of four structures of monolayer RuSe,, arranged along the lengths of rectangular supercells, green

spheres represent Ru atoms, while red spheres represent Se atoms; (b) crystal structure of RuSe, in the T’ phase; (c) crystal struc-

ture of RuSe2 in the T’"" phase.
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Fig. 2. (a) Variation of the total energy of monolayer RuSe, in the 7"/ phase during AIMD simulation at 300 K. The crystal struc-

tures of the initial and final states shown in the inset; (b) phonon spectrum of monolayer RuSe, in the 77" phase.

F HSE Z&fbiz R BEA 25 R ], Qb st
I S4(online) & S5(online) fr7w, AJ LA F, XF
FAREE Uer) W IE B, W5 FRAH 017 BR AR /N T
HSE 4558, 3T Uws = 4.36 eV AT, HFBRAH L
F Uer = 0 eV B B, I H AR 19 (8053 A AN
HSE 45 R 8 M ULHEL, I3 TR RCR A
KRG8, IS TR U = 4.36 eV
s H. K 3(a) A 3(b) 20 5 BZ RuSe 78 P
FPAS TR AH B BUIE 2 HRe i #5216 N el DL
W T A B SR, B 111 eV i
T FA R AT B A, B 0.71 eV, X T
XPFRLERY, SR ERE B RuF T d,,, .,
d,, TUREKAY, PR LA - 2R Ru PR d.e
M dye e BB TTRAY. SE— 255087 fEHT B0 B8 A4
ALK R, Ru-d i 32200 2 4%\ A fb iR 7 1
RER o SRR VA THEA 1, 43 T RE R A= 1Y e
FEEAR Y tog L. N TR 1 7R 25 AN 3337 35 B
FROE R IR A R AN R 3(c) A 3(A) R, T/
F A T B Ru-Se /\THAER & A T sl 2 5D iy IE
A5 G5 ey Mty BLEPE— 402, 4T 77 HZ5E#,
BT/ NIRRT R 2y -1 ) PUAR B IR ™ 4% 1) T
HT 24, Brlhd,, #ld,. REEE#ARTE, il d,, Bl
R RE R ASTERIE, Wi 3(e) FiR. MFELT 2 iy
o] [ P Ru-Se 87 B U0l 0 25 1 2 %, DAt
do2 Fl dpe e BUE W B IEEBATIF 1. X T 77 41
g5k, = RAPSS T I T AR 3 4,
11T H LA ) Ru-Se /TR & AE T B8 RORE B (4 1t
I, BTy KR R RE TS, TR
EREG I T BB R TE (A& 3(e) Fiim). XAl
TS T AH B LT 25 R A T R AR, BRI

INT 2 30%, Jf R 42 B A8 i T AR
IR FIEBE (u) 2R — A
Rk, ERIE T3 X S P9 A 3
ATLAER], T T A RET 5 A A W 1 X
], X AR AT fE 2 )2 RuSe, 78 PIFAH R T
FHARKMZERN. R, AL TR ASHILITE
T I LRI S JXFE armchair Fl zigzag J7 1]
ERYIERE R, RN 1R, iR TS
T A, 25 7R IE RS HAAE = TR T, iR E] 10 A5 LA
L H, B2 RuSe, iR B T 8 1835 1 38 i
FIEB RS W) vk, 7E zigzag e IR R
& T armchair 5 ). % B R AR AT DL & B
T MRS FAE T 77 A KIEHE R, 7F zigzag
1 armchair 77 [0 43 9125 3.22 x 103 cm2-V—1.s~1 I
1.18 x 10% em?- V1.1 | FIBEIG A B 25 7 GE RS %
AR 3T 134798), S pr LR o] LUK B, 2R it
1)t B P AR A AR S5 Al 1 Ak F R
25 A BT (me*) B /0N Y T L A
(C1, Co) FUBAZ K (Ey) AL FFAS B 3. Ay
THRE 128 7R AU R BRI T —2F DL B, #5n EiE
B R ASUT R O B e, R A AR fe
M7 FGERRA T KIEAEET
ARG AT LAE B, 77 M H 2 R AR
T T MERA T ERWZ, BT8R Ea
TR $E R, A SCE— P WF 9 L2 RuSe,
B T ARFTE PR )L & 4(a) SRS 2 A P
TR RE R zigzag J7 0] i As KRB 1L. AT LIFH
H), M A T AR IRRE R AL E (L =10.72 A)
JE4EF) 10.40 ARF, 77 AH Y BE & T K F 77 AH.
{EL R AR 2] 0 P Fh 25 40 K A 55 A48 () NEB# 42

146302-4


https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240557
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240557
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

) I8 % 38 Acta Phys. Sin. Vol. 73, No. 14 (2024) 146302

@ T T N
3 M’ I X
L .-.w‘."‘ .j

1 "-é‘a'\\_
® Ru_d,-
® Ru_d..
O = ®Rud,..d,

[

Energy/eV
Energy/eV

o @ Ru_do i
T

-,

o 4

-.J .s."‘:l.

Bl 3 (a) B2 RuSe, 75 T AHI AEH 4548; (b) B2 RuSe, 168 T FHRIREH 45445 (c) T #HP 19 Ru-Se /N AZ5H; (d) T #d
I Ru-Se /\TH A 45445 () Ru-Se /T 1 Ru-d %L1 75 AN [7] 5 AH 45 4 v 134 43 2405 B s 218

Fig. 3. (a) Band structure of monolayer RuSe, in the 7" phase; (b) band structure of monolayer RuSe, in the 7" phase; (c) octa-
hedral structure of Ru-Se in the 7" phase; (d) octahedral structure of Ru-Se in the T’ phase; (e) schematic illustration of the
splitting of Ru-d orbitals in the Ru-Se octahedron in different crystal phases.

(a) (b) —286
1.2 |
QE‘I{;?/L QE‘ﬁ\ifx—
1.0 !
0.8 ‘/I& ! —288
by ﬂ 12 eV 3
© 0.6 ; | , >
= oy T zﬂ
2 g4l jLI —e—T" g —290
AF el N =T . . :
141 me 1 | m
1 I 1 1
0.2 | ! 1
1 1 1
1 1 . 1 1
0F : : H ' ! —292
1 1 ! 1 1
—0.2 1 \ L] 1 ) 1 |
9.8 10.0 10.2 104 10.6 10.8 11.0 11.2
Zigzag lattice/A Time/ps

K4 (a) HJ2Z RuSe, 76 T" 5 T A0 e B zigzag J7 ] A% 4 B AR B OC R M 28, 4 [0 D8 48 0o A s AR AR R B NEB #2241
(b) 300 K T, T' H7E zigzag J5 it il 6.5% He 48 B AR Bf () 43 F 8l 1 2 R0, v 54 143 531002 0 #1015 ps (9 2544 5]

Fig. 4. (a) The energy of monolayer RuSe, in the 77 and T phases variation with the lattice along the zigzag direction. The in-
sets are the NEB barriers showing phase transitions at certain positions; (b) AIMD of the T’ phase under 6.5% compressive strain

along the zigzag direction at 300 K, with insets showing crystal structures at 0 and 15 ps.
£ 1 HHEAEIIRZ RuSe, 7E armchair Fl zigzag 75 17 [ Y AR m* (mo) , mo AR FIYBTE; 4
BREC (Nm™1) ; JBAER By (eV) FIZBER 4 (em?.v-1s71).
Table 1.  Calculated effective mass of carriers m* (mg) , here the mg represents the mass of a single electron; elastic modulus

C (N-m_l) ; deformation potential Ej (eV); and mobility ux (cm2~V_1~s_1) of monolayer RuSe, in the armchair and zig-

zag directions.

M M C11 Cao E1am E14ig Harm Hzig
Phase/Carrier
mo /(N-m~1) JeV / (em?2.v—1.s—1)
T'le 37.59 9.64 0.74 -2.87 2.44 3.53
95.73 92.01
T'/h 3.21 1.22 1.46 -0.71 224.42 823.25
T" /e 3.48 1.16 —1.46 -2.98 70.53 150.57
97.80 99.31
T"/h 1.10 0.60 1.78 0.50 1182.65 3219.20

xR R, I5F] 141 meV /fu.. PIFI I RE SR 2% P, BATHIM, 76— BEE T, T4 28 n] BE
v FR) S 45 2 AN TSR I T 2 72 4 2 D) AS B Dl /) EFHHZ RuSe, Ml 5282, il T/ MR T .
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Abstract

Transition metal dichalcogenides (TMDs) is an important member of two-dimensional material family,
which has various crystal structures and physical properties, thus providing a broad platform for scientific
research and device applications. The diversity of TMD's properties arises not only from their relatively large
family but also from the variety of their crystal structure phases. The most common structure of TMD is the
trigonal prismatic phase (H phase) and the octahedral phase (7 phase). Studies have shown that, in addition to
these two high-symmetry phases, TMD has other distorted phases. Distorted phase often exhibits different
physical properties from symmetric phases and can perform better in certain systems. Because the structural
differences between different distorted phases are sometimes very small, it is experimentally challenging to
observe multiple distorted phases coexisting. Therefore, it is meaningful to theoretically investigate the
structural stability and physical properties of different distorted phases. In this study, we investigate the
structure and phase transition of monolayer RuSe, through first-principles calculation. While confirming that its
ground state is a the dimerized phase (7T’ phase), we find the presence of another energetically competitive
trimerized phase (7" phase). By comparing the energy values of four different structures and combining the
results of phonon spectra and molecular dynamics simulations, we predict the stability of the T’ phase at
room temperature. Because the H phase and T phase of two-dimensional RuSe, have already been observed
experimentally, and considering the fact that 7"’ phase has much lower energy than the H and T phases, it is
highly likely that the 7" phase exists in experiment. Combining the calculations of the phase transition barrier
and the molecular dynamics simulations, we anticipate that applying a slight stress to the T’ phase structure
at room temperature can induce a lattice transition from T’ phase to T’ phase, resulting in significant changes
in the band structure and carrier mobility, with the bandgap changing from an indirect bandgap of 1.11 eV to a
direct bandgap of 0.71 eV, and the carrier mobility in the armchair direction increasing from 0.82x
103em? V7ts7! to 3.22 x 103cm?. V157!, an approximately threefold enhancement. In this work, two possible
coexisting distorted phases in monolayer RuSe, are compared with each other and studied, and their electronic
structures and carrier mobilities are analyzed, thereby facilitating experimental research on two-dimensional
RuSe, materials and their applications in future electronic devices.

Keywords: RuSe,, phase transition, carrier mobility, first-principles calculation
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