#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 12 (2024) 127101

BHELEE AIB, KB TR EBRMIT
EIERESEWL
kEH O EKRT EaF

(AR AL RZEM R RLE S TRREBE, BTRETRA RS HORBIZE T, BBl fepr R AR E S IR %, Jbnt 100124)
(2024 4E 3 A 21 HULE]; 2024 4F 4 A 10 AU EMEHH)

AN ER, ME R —FhRE (AR e TS, A SR DR A A AR RS L B P T S S2 B G
TE. - R B2 D2 6 R 0 — S SRR, X IR WURAERAR th AEAE AR 7 By BB #1 4D, IR A 7ER I
SAFTEZ MY S HORES, BTN R A (topological surface state, T'SS). iX —HF1F fff H 7 o M {b W 57 40
WA % e AR SCR S — PR B P B T AIB, AR B MR, IR B (010) ZR T AL S A B
PR RS, AR 3 T TSS WALE. TR T ALB, 18 W B4, & B AL s 18 S0 W% B2 5 B0 A B g (AG- )
U R-0.031 eV, A3 TR LT A (hydrogen evolution reaction, HER) 4L 7 Pt 9-0.08 eV B #23iL F 0,
JEELH T 51 HER HERE. W% T AIB, i WM H, OH 1 HyO J& TSS (9725 4k, & B4 H WK B TSS 22 4k
Hh e, HOUOR: OH MR, HoO PR H Hh P R 583 114 2 101 R B o TSS i 52 ma ARG S5 . JF HAE M AT, i T 5296
MRS TSS KIBAATE, (AU RE T A T HUE, IESE T HAETRSE P i RE M. A TAEDF RS SR AR %) A1B,

(1 TSS HysZMa ML T RGERYIAIR, D4 J5 AH G AUk iy B30 A0 S B WIS 47 1, o Ry A A S B

PREAL T B S

KR : HINESIR, HNRIIA, R
PACS: 71.55.Ak, 73.20.At, 68.43.Bc

1 5 =

MR, BERFMEZ K (topological insu-
lator, TI)!, #i#MEF{& (topological supercondu-
ctor, TSC)E F14fi ¥} 4 J& (topological semime-
tal, TSM)P, JTAERG 1AL TR A BFSE 0. FHFh
PR A BEBRRY TT A1 TSC FiR, SRET R
B|TEVOKBEDH (Fermi level, Fy) J& B HAHFME
P e S SRR JCRERL TSM. TSM A] LUAEL
53R B R TP R fRT T AN R s AR 4
J& (Weyl semimetal, WSM)M | HAG PUEE & 32k Hif
o kv 4 )R (Dirac semimetal, DSM)P!
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FIFESS — A BLJH X (Brillouin zone, BZ) N HA 14 4E
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XoF # FD A A 2 T S N Y A 9 4R T = 4k T A R
Bi,Ses, it fE H R M H w5 — 2 & 5T, R —
AR 5> F B W B 00 2% TAE#E H BiySey £ BT
() TSS Zk s ve HEREAT A A R “ra 137 7] DL
il Au X} CO By EaE, 1715 Au A H R CO
AAbfbBE ). BEJT, 7E BiySe; 2611 % 35 502 ZnSe
(1-ML ZnSe/BiySe;), & A ZnSe 3 M B A K i
i) HER 1 RE, B2 1 U B+ A1 357 A i BE AGh-
P2 0 eV, It HAEW B H 57 J5 2k i sa #E 25 4 1
g RA T2, WHHINREES S Tt
P2 73T JLAR, BB 2 TT AR AT & BLEAT 45
1) HER PERE, W BiyTes'819, Li, P20 45,

SR, 7E TI Z 5 9Lt B rp ) ol 3 H AR AR
AR AV FEL 52 0 S 1 e i e B FELBHL | BRI P77 -5 X
Gy B, AR T A3l 7y 2% 02 TSM PR H:
32 e 1) Al e P T P S 23 A7 38 R B 2 1) G
. e WSM K% (NbP, TaP, NbAs, TaAs) #
IR R AT HER SBHEAR, I FUR A m
PRI PEVA D] TRAfE ) TSS HIAETE A IR il 2k
WFITEB R ZJEIRA WSM NiSi (48 H 5
T X — Uk, HARH A POR ISR T 8 A7 BLA
X, i35 EA AGy- 1R 0.077 eV, BEKT NbP
WBEANRA 4R B A, DSM VAL g & BE R
U7 HER HLAEAET 23] FHECF LRI k4,
NLSM TEAEEA B RAR AR B, Fr g 2
TEFR A PR RE _FA SN S R, 2018 4, Li
S5 U AR IR T AT E MR R SRR %
T AT 4B MR HER LR, -7
T TiSi BRINT AL SR KR, KIEA TSS %
) AGy- LR 0. ZJ5, Jovie 45 9 & Bl RuO,
W 4R A AE TSS R HAT Ak CO fil H,
BES, FIH T R4 CO AL OER LIS
P, —26 2 NLSM 280 H 140 5 1 2 1 S04
PE, 1 CuyCoNy R B 256 HER ik HAT
AXFEE, AGh- EZE 0.10 eV Cu,Si 1T TSS
AIFEAE s TR LA NO IR (nitric
oxide reduction reaction, NORR)P" DL K& — % 1k
T i Ji J2 b (carbon dioxide reduction reaction,
CO2RR)® §5:4E; SrPd 55 BaPd i1 4 1Y Pd i 14
PR H Z B AR E AR s, A 1% H R
L5 AR, P24 T R A HER #EAER50C% ), i
ift, Zhang %5 B DL4xJE — k¥ MB, (M = Ti, Sc,
V, Zr, Hf, Nb, Ta il Y) 95 W2 4 J& 1 Ry 09F 58 %t

%, KHH HER LGS 8 AGy- M3 KEES
Ak TSS % B e B B ar 2R e R, #itHH TSS %%
FERT DE A4 4 M A b 38 B R AR AT

2k LRk, Hre A —48 TSM g 2 BLEA L
SRR, HIE R A IS R SRt TSM
FE U K A= e R W B % TSS BSE , H AL R
IR R KESRAEE T HEA T, #4555 H, OH, H,0
W X6} 5 T A ) S M R AR AT LB T LA, AR SCHE
£ AIB, TSM, KHH— MR B AF Bk 7
BHFRFMERR. A EE T ALB, BRI [7] s T 1 38
RORL WA TSS i B FMIEZS. BfJ5, 1158 AIB, #1
R TET W BT R R, SR R A A R A i 1T
IR G FE T KW H, OH Al H,0 7E 41Kt
Fm &AW RN R E A A (. XA RS
FEM IS 7= A B A R AR AR T T R, S AR K
I N R EYE, S TSM 78 SEBRIE T 15
FHERALE S S

2 WHTE

A SRR B — 1 i B A ] At o A S B A
LA AL (Vienna ab-initio simulation package,
VASP) #17, tHA R R 4 R ik
& T, R SCBE B IE Rl 9 PBE (periodic
boundary embedding ) PREYE N 284 OCHKZ pR A
A LT R A B . (RARARLZS A LA R
FHLA TR hts i 12x12x8 Y ks WA, - 1
WrHE R 500 eV, RE W SIOhR A ) WSS o )
1075 eV H1 0.01 eV /A, AL TS AR AR AL R
RREAURE FE VAR, SF- AR Z5 A AL R T L T oy
Y 8x8x 1 HY ks FIAS, V- T HEUETRE N 300 eV,
THA B RE S SR HE AN ISP RUE 5351 1073 eV
1 0.01 eV/A. f#ifl VASP+WANNIER90 3£ F
ALEFH B TR s, p PUEMEAY RIS T
JE IR BRECK 57 B 4 (tight-binding, TB)#AY
ZJ5 R WANNIERTOOLS T B 3k 1544 4}
5 A A DT AR

KA A A A M H, OH Al H,0
i A A RE:

AGy+ = AEy- + AEzpg — TAS, (1)

1 n
AEy- = ; (Eslab+H — Fgtab — EEH2> ) (2)
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AGOH* = AEOH* + AEZPE — TAS, (3)

1
AFEon+ = Egabton — Eslab — Er,0 — §EH2, (4)

AGHQO* = AEHQO* + AEzpg — TAS, (5)

AEBw,0+ = Egab+1,0 — Egab — B0, (6)

K, AGu- o w0 733124 H, OH Fl HyO W
AT B ABw- on- o+ 4FH14 H, OH H1 HyO
IERTE; AEzpe IR S WIS ZBIE S RER
ZAH; Ega N FEWBARIGER; Fgwin, Fsabron M
Eab-+1,0 7390 R PSR S B H, OH A1 H,O
JG BT B, 1 E,o 43 31N A8 F KT
Aetd; T oMIREE; AS HREASL. ASCE il A
RETHASR B e #E 300 K.

3 AIB, (AR ME

H5E, 9T T ALB, PRAH B RHY BT 4549 Fldh
FMETT. AIB, HATHULXTRRYE, 25 BIRER P6 /mmm
(191), RIZAREE, h B HEHII W = AL &R
AL JZ A S50 1) J5L 46 1 o A IR 1 2 22
BEHERALR, WE 1(a) Fias. SR B8k
X AIB, (R AT B 25 M AL IR, 15 3 H: s
Boa=0b=3.008 A, c=3.292 A, SLEFE AlB,
PR RO o = b = 3.006 AFIl ¢ = 3.254 ABU Ik
IR EE R 5 S g B 1Y) 22 R AR T2 I iR 22
Y2 A, AT LA T3 T R M R B 1 e
WF5E. AIB, 1A BZ F1 (010) i (4% 5% 2 i BZ
WK 1(b) Fi7R.

Bife, XF AIB, ARH LT REHT 25 A A T T
Al, B IR 51 H iE-FERHE (spin-orbit coupling,
SOC) Xt HAgHr dh kg g maAR /N, BT L2 J5 B3R
fI1#BZ2m% SOC. & 2(a) Bn T AlB, W e 4544,
DI R ICRBGE B (60 Al TR R,
WEEOSHTINE FHERE). a4 R BN, Tekhedk
BRI RS 2 e IR T3 aE 4R 4, JF BAE K/ H Xt
PR i A7 AE B 2R 58 SUTE A0 2K P s . LR
K—H R A RERT 2540, FTLAE K SAb
(R AR A U R BT IF BE VT K—H B
I POKEER 2 H AL, Bhr FORga iR b S
AR AT A AR SR A TS R S A T
TS5 B2 AT

H T B2 AR IX BE T Y A (B 43 A, SR

WANNIER9O i TB &8, £:ili) TB Ry
5RH VASP Z5 I REH EITE SR B MAL = BV &
(WANTTFTEHA ST (online)). i#it WANNIERTOOLS
THAL, R [k TB AR T AIB, 28K 1 Fff
VERET S SRS 1] (WANFERPEHE] S2 (online)),
Jtextil T BZ i g @B, A 2(b) fios. al L
BN KBS e K—H BgAe b, 18
BZ W FAIE LT — 2K B 5E 54k, IIESE T AlB,
A NLSM. A T iz AlB, MFRMERT, 28 T —
AR b, = 0 V-1 I £ BRGS0 A R
KA, FEER T SRR DL AR ¢ , XK

o=} Ak)- dk, (7)

A(k) = i) (uc (k) |Okluc (k)), (8)

Horh A (k) 0y D HUERES, |uc(Ke)) D9 A1 38 65 07 pREE
occ JBE iR, AN SCRH WANNIERTOOLS
TSR] AIB, A K SARFRZET A2, 1 2(b)
() BT LA Ry, T EA R DA
A7, IIHAE T MR FR N ETF R

(a)

(b)

<

K1 (a) AIB, fAIRZ5 4 (b) M40 BZ Al (010) % 1 BZ,
BRAAAIFA ky, (E19 X—T mXFREKAR

Fig. 1. (a) AlIB, crystal structure; (b) bulk BZ and (010)
surface BZ, the green line is the X — I high symmetry
path with different &, values.
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Fig. 2. (a) Band structure of AlB,; (b) schematic diagram of the node line distribution of AlB,, where the red circle at K point is

the calculation path of Berry phase.
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(a) &M BZ 'k, = 0, 0.06, 0.15 F1 0.3 B, AL 3 i e 4549 5 (b) &y, = 0, 0.1, 0.15 Al

0.3 & B i I BE 47 45 MY 141, Syt 7 B AN 1(b) B (c) Al S TP AR BEALLE [4] 3(a) L0 GARIC A BB X 1 X PR A A 14 30 23 v 76
FIER; (d) B i P ARBERITE IR 3(b) ML EFRICAIREMNT 1 0 FR s A F) 38 73 o 1o 5 B2 A

Fig. 3. Band structure of AlB, (010) 20-layer slab: (a) Band structure of Al-terminated slab when &, = 0, 0.06, 0.15 and 0.3 in sur-
face BZ; (b) band structure of B-terminated slab at kg, = 0, 0.1, 0.15 and 0.3, and the position of high symmetry path, as shown in
Fig. 1(b); (c) partial charge density of Al-terminated slab at the high symmetry point X of the energy band marked in red in
Fig. 3(a); (d) partial charge density diagram of B-terminated slab at the high symmetry point I" of the energy band marked in red

in Fig. 3(b).

4 AlB, #HINEEA

R T 5T AIB, B9 TSS, s T A
A AL ST B 3 A 20 2 (010) Mk Bk
AW A5 R N SR BZ #i4%5% 3] (010) %
il BZ LW, WAL T I—2Z 1 X—U & M AR A
ZIH], BT LAESRTH BZ RIFW Ky, (H T, IFEET
I'—2Z 77 M AR TP AR BT 254, L T'SS,
i 3 R, K 3(a) i AlB,(010) Al S i Wy I—

X_f ) FO.O6_XO.06_FO.06 ) F0.15_Xo.15_F0.15 )
Tos—Xos—Tos BE AR REH B, B 3(b) 4h il T
AlBy(010) £ M B J5 ¥ i ity I'—X—1", Tpa—
XO.l_fO.l ) F0.15_X0.15_F0.15 ’ FO.B_XO.B_FO.S
B R R L, L B AL E W E 1(b) B, A
E 3(a), (b) AT LLA H, AIB, (010) 2 1 TG it &
Al ST A S B 3, TSS #4452 T BN JC ] B 2k
PLIEAT A, HORE B f R, THEE
kg, TELAOHE T, AR AR A5 HT A o 90 25 5 B 2 oK
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RER 3 PR A, M S TSS ok i PE A
AR T N HRAS, BTLL ALB,(010) MY TSS 7E k,,
7T 1A A e ) B L

ANIE 2, AL ST TSS HF0AE Py s i
I HAE kg, 718 LF-F3H; 1M B Y i TSS HBLAE
P AU, Uk, 7 A BT R S, RE R
R, 2 HlE 3(a) LT AbRid B RETT 7E X
TR XK A A AR A3 A 2 R, IR 3(c) B, DA
Kl 3(b) HELLEFRICHIRETTTE T = MR AL R 53
HLP 5 B, AP 3(d) s, Al LA H L fef o A 7 2
2 B JEFAb, X HE R T AR AR B R e
TSS v B e 1EH Y.

5 AlB, & W% M

AT E T AIB, (010) 1 Al v I A1 B Ui
TP~ Y R BT ASE 2R, R PR 5 AR ThT W TR 1 T
AIB, B JZAREEH , 25 R W B s AL 38 WA top.
JZWNHE L bridgel . JZRI#: {7 bridge2 #1245 i hole.
H T 7 X B Y TSS #EAT WL, A4y g B A

TR AT R R AT M4, AT AABE TR i o
B R 100%. it X H, OH Al HyO £% 54
MRS RLIEA TS5 A Ak, TR RE, B T ek
B AT RS AT IR B 5 A 0 A e AR, I xR
AT T Bader HLfar 73T, Z55L403E 1 frg).

M 1AL M, X AIB, Joig & Al S i
W2 B Ui TE, H, OH 1 HyO f e FEML Bt 4, J
W Rt B8 B (A5 /L2428 top 7 5, AHIET 4 iz, HAt
7 5 W B BB AR B WL AN FEAA L ST, 36 S2 ISk S3
(online). M\ AG HITHE LRI LIAE W, it H,
OH, if /& H,0, B uii [ AH T Al v 1 A3 4 #58
A R B A . 3k 2 R DR BT TSS SR VR T B T,
B v i TSS 23 B 5 W R+~ AAH BEAE A,
el A5 W o B 5 (LA B A S, AIB, 1 AL AT
TR (R /N Y1 TSS B TE AR, MR H Y
AGy- 1 A-0.031 eV, H H Hi T FH A9 =20 HER 4
EF Pt (-0.08 eVE) LT F 0, JBm it TS
) HER TERE. )5 i Bader HL {20 b 26 WA 16 &
AlIB, 1) Al S fiiA & B i i % A 2% I ey, et
/Rl i R L R S v T [ e P N i A

® 1 AIB, (010) KEWHITERES KR, M T Bader HUAT /T 47 FoR AT 25, 101" Fon RUATAGHIR (B2 N e )

Table 1.  Parameters of adsorption properties of AlB, (010) surface. For the Bader charge analysis, “+” means the gain of

the charge, while “~” means the loss of the charge (unit in e ).
FhR s i A A AG/eV Bader BRI/
Ue7) B Al
H top -0.031 +0.543 +0.073 -0.553
Al OH top -0.253 +0.737 +0.002 -0.751
AIB, H,0 top 0.682 +0.368 +0.178 -0.556
H top -1.659 +0.517 -0.174 -0.019
B OH top -1.815 +0.717 —-0.244 -0.008
H,0 top 0.009 +0.384 0.127 0.001

4 AlB, (010) SR mi W i FEOL S B (a) Al topsi 2 W B H; (b) ALSKIAT top A7 FE OH; (c) Al ¥ 1H top s A W B H,0;
(d) B %Al top i {5 W K H; (e) B %11 top i MR OH; (f) B ST top A3 {39 fif H,0

Fig. 4. Optimal sites for the adsorption of AlB, (010) surface: (a) Al-terminated slab adsorbing H on the top site; (b) Al-terminated
slab adsorbing OH on the top site; (c) Al-terminated slab adsorbing H,O on the top site; (d) B-terminated slab adsorbing H on the

top site; (e) B-terminated slab adsorbing OH on the top site; (f) B-terminated slab adsorbing H,O on the top site.
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Abstract

Topological semimetals have aroused great research interest due to their intrinsic topological physics and
potential applications in devices. A key feature for all topological materials is the so-called bulk-boundary
correspondence, which means that if there is non-trivial band topology in the bulk, then we can expect unique
topologically protected conducting states in the surface, i.e. the topological surface state (TSS). Previously, the
studies of the surface states of topological materials mainly focused on the pristine surfaces, while the
topological nodal line semimetal surface states with adsorbates are rarely systematically studied. In this paper,
the topological properties of the topological semimetal AIB, are studied by first-principles calculations, and the
TSS position is calculated by constructing the Al- and B-terminated slab models. Observing the topological
surface state, it is found that the drumhead-like T'SS connects two Dirac nodes with no energy gaps on the node
line, and the TSS of the Al end-terminated slab has a smaller energy dispersion than that of the B-terminated
slab. The adsorption characteristics of AlB, (010) surface are studied, and it is found that the Gibbs free energy
(AGu~ ) for hydrogen adsorption on the surface of Al is only —0.031 eV, demonstrating excellent hydrogen
evolution reaction (HER) performance. The changes of TSS after H, OH and H,O are adsorbed on the surface of
AlB, in aqueous solution environment are observed. The TSS change is the most significant when H is
adsorbed, followed by OH adsorption. And the influence of H,O on TSS due to its electrical neutrality and weak
surface adsorption is very weak. Before and after adsorption, because the topology protection TSS still exists,
only the energy changes, which confirms its robustness in the environment. The results of this work provide a
systematic understanding of the effects of different adsorbents on the TSS of AlB,, paving the way for future
theoretical and experimental research in related fields, and alsopresent theoretical support for putting the
topological materials into practical applications .

Keywords: topological semimetal, topological surface state, surface adsorption
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