#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110705

=Tk W,CoB, FEERRIMER"

RAFEIE I I
AT Km0

KA HEF D

K V)T

1) (AT ICE Y S B AE e, AR AR TR SR A R 00 3, M 350117)
2) (fEEAs KA RS S k6 TRE AT L, M 350117)
3) (A APHE IR, ET U REM R E T 085, R 518055)
4) (REERIFE AW AR IEBE, 40 350007)
5) (AT A= S REBE, A8 M 350007)
6) (PEFEBEYIGIITIT, LE 100190)

(2025 4E 12 H 12 Bk #; 2026 4E 3 A 4 HEMEHH)

FAMAPRE R A2 6 B30 TR O AR S R N B 2R T S AR SO T P A, P
T =Tl WoCoB, B T 25 TR BT THIR 45 SR 3R W), 76 5 8 (1 e - B # 5 1 IS, WoCoB, 2 41
FNT LR G Jm A HLIH DX PN A7 A8 20 591 R 856 TS R P LA R s 1) S5 38 AR R [5) J52 768 060 e P BEK 45 DR 47 ) R 19 2%
IXEETLRAE [ - PUE RS A A T 2R ATIT T RERR, R i ik &R Z, JEME R (1; 000) B
N 2R, IF BLAE (110) T b BT — A 32 30 F R 7 59 T BE B3R T 2K r s HE . 200 RE B9 30 P MR TE B8 T IR ¢
R, XA ZR N —5%—5% FY R B 45 A B2 AR I, A A 25 8 1 e - BB RS A AR T, R AR I 22 8 A 2
B J A L 2 TR R R B DR R R 255 R - UE R S A T, AR ) R R R e S R AR,
=X 7 1) b AKCAE v HE AR 04 BE B R /INBE 2 L AL 14 9 ORI S/ N 3 R S N AR R R 5% I I RE BRI K A
KAE 15 meV. ABIERGEH /R T = I0il ) WoCoB, H & R B9 IEF M T 45 M PR T, b & Jm

(A7 LR IR BERE A e T (F BRI T Rr Y LAk

REER: AL BIR, ISR, NAE
DOI: 10.7498/aps.75.20251711

1 3

ULAESR, ShiME TSN 3 52 T T 5
[ 22— 40, 4 B ) S 2 A4 2 R O
T A BEEIRRNZ 5, =AM SR 1 B 5
5 YU O I T AR A X —H R

il

CSTR: 32037.14.aps.75.20251711

e BT, =AM AR TEAR BRI TP AFAE TCRE R 1Y
THEREb RIS, MAER AR, 4R
GARTT LU — 2050 o S5 RFNAE S AR B, s b
A AK (strong topological insulator, STI) FEAT &
RMIIAETE BB . BA IR e B PE AHOC
FR RIS 0P R T A5 PR AR A ] g 35 %o B 1)
TPl R B ek LTSS R F M A (weak

* R AARBIEIES (S 12374159, 11974076, 1247041908) . FREE A ARPIFIE S H I H (#HEHES: 2021J02012, 2024J01289)
IR LR YO R AR AR B oe B & (HEHES: TZH2022-05) ¥ Bh AR,

#[R)SE BTHRAE

t BfE1E#H. E-mail: chenwei@fjnu.edu.cn

T EfE1EH. E-mail: tanzhang2016@outlook.com
1 WEEE . E-mail: zhangw721@163.com

© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

110705-1


http://doi.org/10.7498/aps.75.20251711
https://cstr.cn/32037.14.aps.75.20251711
mailto:chenwei@fjnu.edu.cn
mailto:chenwei@fjnu.edu.cn
mailto:tanzhang2016@outlook.com
mailto:tanzhang2016@outlook.com
mailto:zhangw721@163.com
mailto:zhangw721@163.com
http://wulixb.iphy.ac.cn
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. 75, No. 11 (2026)

110705

topological insulator, WTT) PRI H# T i 74 - 58 Xif
PRYET 2 52 To s, HERTHAS H ) PR AR
b S LI X R DO PR, ST AE H e R
T A A R HL N R ). B S
FAENTHIFNREEHET 2 SRR, Hik™
A THINES R, Wb RS B AR KR SR
(Dirac semimetal, DSM)!2 161 /R4 & (Weyl
semimetal, WSM)!I'"22 FI75 26 - 42 J& (nodal line
semimetal, NLSM)[23-20] 2 - 55 ELA BB A 52 5
(1) DSM Al WSM A[R], NLSM 2%k A4 e 1 i
i A M AEA LHIX. (Brillouin zone, BZ) 2Ly
ML, MR R P RN AR 2 AT, 194k
() AT BEAH BI04 27) 15 R 128) 8555 44
H TS A B GE 1 2R B % 15 B ie-$E
A (spin-orbit coupling, SOC) 1E H A}, HA
AN RIS FRAE AR AP 5 2, X 2695 2l #2352 SOC
A2 M T IR AR R B8 4 AT T RE R (18212931 )
wn, Yu &5 PUSE S HIC Hh 3258 T R FRME DR 3 11
W% 18 SOC MTEHEIRILAL 30 XFAMRAL; Chang
A B MgyBiy AR 28 [RI SUERFRIE (space-
inversion symmetry, P) FIRJ[E] 5 X FRME (time-
reversal symmetry, T) H: [R5 89757 25, %15 35
7E SOC EH T 58 3T HFfEp. b4, Chan 5 2259
AT 9 W] NLSM A B2 38 B i ¢ i w4 PR sl =
PE B2 DL R A AR R R ELATE 191 455 1Y) ) B AR
P, 5RO,

IEAEE, = ITHi Y WoCoBy FEAE i i) il
JEE B e ) e 0] R R G AR A R 1 B 4%
PERECAE AT EE B2 0, (R F 45
P AV TE B R 40 FM M B AT A R IR AR B,
ARG A O — PR B, PRI T ool
Y W,oCoB, I HL T 4548 5 FMET. THR 45 15K
W, TEAEIE SOC ML T, W,CoB, 23 NLSM
A, 7EH BZ A B B AR EE R PT X AR
PO X FRPEPR I T 26, % 18 SOC J&, X 4ey
LATIFREBR, R R LR Z, WM st (1; 000)
(%) STI, JF7E (110) T _EAFE—AZ M 1Y 8
REBR R Ak b7 vt H A2 A 28t R, Jitihn
IO 702 S 45 AR L - 45 A R RO R 2 — B
(] IR T SR F) S s oy FH B2 (AR 3R 0000 5 4 5.
R, AR SCHE— 25058 T XK R in-5%—5%
P PN 1) S5 S N AR R I L. 6 Rt iz A2 HOAS
# 1% SOC I, 1A Z& 4 NLSM AH H v 2k Ak |

Bod ¥R &AMk, %08 SOC J5, WEAKIRATIT
TRERR, o I X J7 1] B K sE fEAL A RE BT/
iR =PRI E PNTTF R/ A NEr: PN E A LU VR PN
2 5% I, IXREBIE R B H KA 15 meV. 5 IHL[F
I, PR AE-5%—5% BN AL Vi Bl AR TH AR 45 STT
A, B SR A ME BT AR W,LCoB,
AR BT 2RI T LA ) R AP AR 6 (R
TE [ e 5 T H AR B DI

2 WHEF®

A ET VASP (Vienna ab initio simu-
lation package) 34 1243 SERL. THE R HHGE
LN (projector-augmented wave, PAW )44
D7 LA B A B AH ELAE A, SE T SR B 3 AR
(generalized gradient approximation, GGA) T ¥
PBE (Perdew-Burke-Ernzerhof) 17 p& 4 i& Hi, ¥ [H]
A EAE A O HRRE 0. 76 AV THRE P, S
AL BERN 400 eV, FFRAILL I Al (1 24
2424 1Y) k s HIRFUIR R YA, il
LDA 1 PBE {Zp&ixt Co J51 3d Pl T Hubbard
U B BT g s8R R R, DA W
FH1 Co JEF d FUE . BT p FUE ALK 1E
H e KRk Wannier PR %L (maximally localized
Wannier functions, MLWF)*$:4] 313 Wannier-
ToolsP i — IR R RIS FHFMET. 45
R AEE X e = (1—1o)/lo x 100%, 111y 535
2% 7R I A il Jon o7 AR BsHAAR 227 3 4T 1] A
FHEEL e > 0 BERRIRNAS, ¢ < 0 B RGN AL

3 #ER 5
3.1 ERikEH

WKl 1(a), (b) Bz, =Jcillied) WyCoB, J& T
PO IEAE A58, XTI 23 (A1 R Immm (No.71).
TR R EA 23 (8] SO X AR R 30 B BT 2, y, 2 5l
B B 16 BR . WAL T 4f (0.205, 0.5, 0),
Co JiFiT 2a (0,0, 0), B (T 44 (0,0.3,0.5).
W,CoB, EESE S il s, A SCHEH PR
HSm iS5G o = 7.075 A, b= 4564 A, ¢ =
3177 A, o = B = v = 90°B55052) 5] 1(c) FiR N
W,CoB, ) 55 — BZ, (110) F1 (001) I i) % % %
[l BZ.

110705-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 11 (2026) 110705

B 1 =Joiiikd W,CoBy 1 (a) FML; (b) JEAE; (c) 55— BZ, (110) 1 (001) Kifi BZ; k1, ko F1K, , ki 4%k (110) A1 (001) i
BZ R {EI4% Tk <
Fig. 1. (a) The conventional cell and (b) primitive cell of the ternary boride WyCoBy; (c) the first BZ, (110) and (001) surface
BZ; the ki, ko and k}, kf are the primitive reciprocal vectors of the (110) and (001) surface BZ.
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Fig. 2. Band structures of W,CoB, under different strain: (a) Non-SOC orbital-resolved band structure and (b) SOC band structure
without strain; (¢) non-SOC and (d) SOC band structures with —5% strain (equiaxial compression); (e) non-SOC and (f) SOC band
structures with —2.2% strain (equiaxial compression); (g) non-SOC and (h) SOC band structures with 5% strain (equiaxial tension).
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Fig. 3. In the absence of SOC, the nodal line structures in the first BZ of W,CoB,: (a) 3D view; side views along the (b) &, axis and

(c) k, axis; (d) top view along the k, axis; the pink and blue nodal rings are protected by the M, and M, mirror symmetry respec-

tively, while the orange nodal rings and green nodal lines are protected by PT symmetry.
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Fig. 4. (a) Variation of band gap at Dirac cone along the I'>X direction vs. strain for W,CoB, with SOC; (b) parity product of oc-

cupied states at the time-reversal invariant momenta (TRIM) for WyCoB, under strains of -5% (equiaxial compression), —2.2%

(equiaxial compression), 0% (without strain) and 5% (equiaxial tension).

R T SRR R M, T Wilson
loop354 Jyik i TR RAEATE IR AR T Wannier
L L (WOC) 6 gy — 0 il gy — P 13

fEIEH. IIE 5(a), (b) ATLAFE H, WCC(

RN

&) 1

g3 = 0l g3 = wF0i Ll 5465 % &M
FRORABEOR, X RARRE Z, b N
(1; 000), Fifit FHRRITAAR RN B L5 RAH R, UESE T
R R ULET 9B 2 STL

&l 5

(a)

Energy/eV

WCC

]

0.5

=

M

A1 BIHE T W,CoB, £E (110) Al (001) T
A NI 5(c), (d) i LLF N, KR LE
(110) FIAY T ARSI T — 23 MR R R Tk hr
VEHE, 7E (001) K S, I A RANSS BT —A4 3k
PrLyrE, X 5 STI (3R M A HA & E Mk hL s i
A4 EURHAT (8, 3 Sk 7 o BEE 118 W D 5 S 03 i) e
Bty s, AT JCRERR R, X FKIEY
TRFR M BAL THRFNEFRT R STT AR, #Hok

(® 1

WCC

1.0

0.9

0.8

0.7 1

0.6 -

Energy/eV

0.5
0.4

0.3

0.2

21

% 18 SOC B, A it fin b7 28 B WoCoBy H1 Y #1 #MAE BT Wannier HL A 1.0 (WCC) 7E (a) g3 = 0 Fl (b) g3 = = 11 AL,
g0 F1 gy 43 AR JF I A B4R F 2555 (o) (T10) T RYRTAA, 7€ I AL 0T — > SZ 4R FMA 3P 19 SR 2K L se e (LR € R 48 7 fE AT
i8); (d) (001) MR EA, 76 .S, I A1 RALAS L T — AN 3230 FMEAP (1 2% 1 2K 1 50 40 (A28 € 1 28 7 HEAR 3T

Fig. 5. The topological properties of W,CoB, without strain in the presence of SOC: Evolution of the Wannier charge centers

(WCC) in (a) g3 = 0 and (b) g3 = ™ planes, where g, and g5 stand for reciprocal vectors of the primitive lattice; (c) the (110) sur-

face states, a topologically protected surface Dirac cone appears at the I' point (marked by a black dotted square); (d) the (001)

surface states, a topologically protected surface Dirac cone appears at each of the S, I' and R points (marked by black dotted

squares).
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T (001) TE A e B B L % 79 4 THT ) fige 2 B S AIR
PR Z T X WA TR ) TAE S B Ie Ak,
i 3 SCHR AR AT % B (110) AT (001) ThT () i BEAE
BEALT o-ALO4 (1010) T fif ¥ BE 19 BLIS T 8
(7.18 J/m?)l HE AR o-Al,O3 #Y (1010)
AT A A 1k XU 2 i BB R R4S O, X R R
W,CoB, [ (110) HiAl (001) T4 2EAESL5 1 BE.
R T 2 AR A N AR XA R M T
s, FRATITE T 2 i 1) XA Rt in—5%—
5% Bt AR A TE . % g SOC 2 J5 Y REHF 45
SAnpE s A5 iR, AL A5 (a)—(c) AT LI H,
XA RN 5%—3.99% HIRNAERT, (R RAE X 45
AL A BE B/, BERHAR ZR P55 At fin 1 AR B
AHIE Y STT AH; 244bF-3.99% AURIAERT, X sAbAY
REBR A G, X B LA A 2R A TR MHAE 11 A
ST YR AR HE— 2D, X R A B B B 2 3
*, BEEHA R EEAR R WTL h T 2R R ik 2
FMEAS L R, FRAT T X AL BB BE N AE 1
ARG 0 LA B R AR MR I, 255 an & A5(d) Fir
. INEIHAT LR B, AR R AE-3.99% 5% 1) 1
il IR 240897 STIAH, X RIAR R B A S H 1
FMERT.

4 % W

AR SCHE T A — M R B S, X = on itk
W,CoB, 1 HLFE5F FIdh $ M A IR ABESR. 11
LRI, W,yCoB, EAE & SOC A8 NLSM
FH, J& BZ AEAE 53 3] b B SRR A PT X R
PR R AT 2 HL 4315 AR ST B 1T e 45 4. 7
% SOC J&, XL ITH THEBR, IR R AR
Z, WiFMEFR A (1; 000) #9 STI, Ff-7E (110) MHi_EAFAE
— /™ TCRE R R AP s HE. X R Rt -5%—
5% AN AR HAR % & SOC B, 1R 24K IH S 3
NLSM A8 H A7 £ TR R FicE SR R AR 2. 2%
% SOC J&, XEW LTI T RER, Horf > X J7 )
KR B A A ) BB BRI /DN 2 0 A B3 DR SE
INERER. YR AR E 5% B, IZRERIIE K E
KAE 15 meV. FHRITALEREZM, KRE-B5%—5%
) 38 R A8 Jl R T 9 BB B 2 O ST AR, T X
FIINTE 2 5 ] ) Sk AR BT A SR AR &R
TE-3.99%—5% M 136 Bl N Ih 2/ +¢ STI AH, fig
B R SRR MR . ARSI T X =0t
AL WoCoB, #FM4: BT A LA, FLf5 2 i 31
WIRE 5 PR R AL T8 BT LK 5 5 ).

Bl AL IR RESE VS 2 307 1 i W,oCoBy A IRIBEM AR ZIE  (a) NM; (b) FM; (c) AFM

Fig. Al. Schematic of different magnetic configurations of W,CoB, with the initial magnetic moment along the z axis: (a) NM;

(b) FM; (c) AFM.

K A2 AHEJE SOCHT, 4bTF (a) —5% (S5l 48) A1 (b) 5% (ZFHh i () 828 1) W,CoB, 25— BZ 5 £R 45 44 it = 4k 4L 1&]
Fig. A2. When SOC is excluded, the 3D views of the nodal line structures in the first BZ of W,CoB, under (a) 5% (equiaxial com-

pression) and (b) 5% (equiaxial tension) strain.
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F Al ffiH LDA PIK PBE Z AT HAGEIN W,CoB, BIUAHEI RN AFM, FM FHLS NM MR [ i SR R s e 2=
Table Al.  Self-consistent total magnetic moments and the total energy differences between the AFM, FM, and NM initial

configurations for W,CoB,, calculated using the LDA and PBE functions.

Parameters M'agneti'c LDA IBE

configuration Magnetic moment/up AE/eV Magnetic moment/up AE/eV

NM — 0 0 0 0
s/ x 0 1.0x10°® 0 -1.0x108

FM  s//y 0 1.0x10°% 0 0
No U s// z 0 1.0x10°® 0 ~1.0x10°%

s//x 0 1.0x10°8 0 0

AFM /]y 0 1.0x10® 0 0

s/] = 0 1.0x10°#® 0 0

NM — 0 0 0 0
s/] 0 0 0 -1.0x10°8

FM s//y 0 1.0x10® 0 0
U=2eV s//z 0 3.0x10° 0.01 6.0x10°8
s/)x 0 1.0x10° 0 ~2.0x10°%
AFM  s//y 0 0 0 ~1.0x10°®
LDAUTYPE = 2 s//z 0 0 0 —6.0x10°®

J=0eV NM — 0 0 0 0
s/ 0.06 -5.1x10° 0.54 ~7.6x10*
FM s/ly 0.06 ~5.5%10° 0.55 ~1.4x10°3
U=3eV s// 2 0.06 —7.7x10° 0.76 —2.4x10°%
s/ x 0 1.0x10°® 0 -2.0x10°
AFM s/]y 0 0 0 ~1.7x10°¢
s/ z 0 2.0x10° 0 —25%10°

NM — 0 0 0 0

s/ 0 0 0 0

FM s//y 0 ~1.0x10°8 0 0
U=3eV s/ z 0 0 0.01 ~3.0x10°
s/)x 0 ~1.0x10°¢ 0 ~1.5%10°7
AFM  s//y 0 0 0 ~1.4x10°7
LDAUTYPE = 1 s//z 0 0 0 —2.2x10°7

J=1eV NM — 0 0 0 0
s// @ ~0.05 ~2.8x10°7 0.78 ~3.4x10°%
FM s/]y -0.05 -3.0x10° 0.75 -4.2x10°3
U=4eV s//z ~0.05 ~2.7x10° 0.81 ~5.4x10°
s/ 0 3.0x10°8 0 -2.7x10°
AFM s//y 0 2.0x10°® 0 -2.0x10°°
s// 2 0 2.0x10° 0 ~1.8x10°

# A2 W,CoB, AN 2 i B AE
Table A2.  Cleavage energies of W,CoB, for different surfaces.
Surface Ey/(J-m?) Surface E,/(J-m?)
(010) 8.36 (100) 7.20
(001) 7.08 (110) 7.08
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Fig. A3. Total energy of the system as a function of strain.
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Fig. A4. When SOC is included, the orbital-projected band structures of W,CoB, along the I'=X direction under different strains.
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Fig. A5. The SOC band structures of W,CoB, under (a) -5%; (b) —3.99%; (c) 5% uniaxial strain; (d) topological phase transition
diagram driven by uniaxial strain, the blue dots represent the variation of the gap at the X point with strain.
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Abstract

Topological electronic materials have become a prominent research frontier in condensed matter physics.
Using first-principles calculations, we study the topological electronic properties of the ternary boride W,CoBs,.
After detailed Hubbard U calculation tests, we select the non-magnetic state as the ground state of the system.
Firstly, we calculate the band structures of this material. When the spin-orbit coupling (SOC) is ignored,
several nodal lines appear in the first Brillouin zone of W,CoB,, and the material shows a topological nodal line
semimetal phase. These nodal lines are protected by the mirror symmetry or the combined space-inversion and
time-reversal symmetry. Some nodal lines form closed nodal rings, which intersect with the infinite nodal lines

extending throughout the whole Brillouin zone, forming nodal chains. All of the nodal lines are gapped when
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SOC is included, and the system transitions into a strong topological insulator with Z, invariant of (1; 000). An
odd number of gapless surface Dirac cones appear on the both (110) and (001) surfaces, with the two branches
connecting the valence and conduction bands respectively, confirming the nontrivial topological properties of
W,CoB,. The cleavage energies of these two surfaces are approximately 7.08 J/m? indicating the potential of
these surfaces for experimental cleavage. The topological phase of this material remains stable under strain.
After applying -5% to 5% equiaxial strain, the shape and number of nodal lines are not affected, and the system
still shows the topological nodal line semimetal phase in the absence of SOC. When SOC is considered, the
system remains in the strong topological insulator phase. Specifically, the band gap at the Dirac point along the
I'—X direction first decreases and then increases with increasing strain. It decreases to a minimum value of
0.63 meV under the strain of —2.2% and then reaches the maximum value of 15 meV when the strain increases
to 5%. The band gap variation is attributed to the hybridization between the W-d,2_,» and Co-d,. orbitals.
This hybridization initially weakens as the strain increases from 5% to —2.2%, but strengthens as the strain is

)

further increased. Furthermore, when the uniaxial strain along zaxis ranging from 5% to —3.99% is applied, the
band gap at the X point gradually decreases, and the system remains the strong topological insulator phase.
When the uniaxial strain reaches —3.99%, the band gap at the X point closes, indicating the topological phase
transition critical point. With the further decrease of strain, this band gap opens again, and the system
transitions into a weak topological insulator. This study systematically reveals the robust nontrivial topological
electronic properties in the ternary boride W,CoB,, laying the foundation for the research on topological nodal
line semimetal and the design of low-dissipation spintronic devices.

Keywords: topological nodal line semimetal, topological insulator, strain
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