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Structure analysis of a Cu boride surface on Cu(111) and elucidation of the novel boron chain
studied by total-reflection high-energy positron diffraction
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Abstract

TR, BESRSER & BIERITTORYEWEMTEEHZBOT TV, LML, ZORSGERRET S T LIZZOEHRES
WEELUTIES 5 T &, R TEYEOMEZ ERNCIE T 25N IZERTIEN DRV ON#ETH 5, AWIFET
&, EEBEEGEFEHT (TRHEPD, RL 7 R) #2HWS T & T Cu(111) FER_EO R T EZWE OGO 5 B X

TEARVEIMNIELWASETH B C L z2fifi Lz, E5IC,

KBTI EFEFHEIAEHAGDES T & TTOMETD

FE e R U RIEFHOERZ I L, #iica—20th U ROYEZRE LT,

. lFC&IC

282219 DOETREZFFDR T E B) B THE=DOME
L ADDWEREAT B8, RRILE & 7056 D51
XoT, MALKGELVGS, COHMEICK-T, K
VEKCRIMBZEAMEMHEZ L 2 M5 N
T3, Wz, ZXoroR Y EORBZEAZTTE 7 M
DEMmsn, 2HOMEEEKRT 22 E TRETD

B2 D > TS EHALE L THEET %, 2D %
N (polymorphism)” (KX TCORIEIC BN TEFEHIL,
TR R IZ ZIOCR U EMEDN KA, TN Ty
% [2-4] RBMEHIDNZVONRANT T T 2V e84
VR EOHBFEFERT T £~ (Borophene) & DWW T D
HRTHH, (1) ZXTOHEKRYRIFPEARTH B DI
HUT, ZI0RENEYMEZRL, Q) HETFREEND
ISR L DRI R RS T e D, ZDINHE
WRESNITEHZIBTTWVS [5, 6], R YELAYICE THE
WaEILT 3 L X HICEOREXZMEL TVE, L%k
7 A —=F DI TIE R TR EKEDHRDORILEN DT

%17 7> (Borophane) 7% EICDWTEDETFYIMER
IKEIBRES NS DV GEFEWENED 5N TWS [7, 8]

AT INSEIOTRTED S B, Cu(l11) F b
CHEMENS Cu(111) V73x\39 - B OFEEHEZ DL B R
FHEICEH Lz, TOYEIIEFEED S EE AR A
100 nm XA FOILHIPHTER SN TWVWS T &5, [k
TINA DA E N, AN ED 5N T\ 5,
LA L, ZOELWEEICOW TRV T W, &
WIHDE, FHik LICEKE N5 HE T Borophene TH 5
T BRI I—T19,10] &, T Culi1 & BETH
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A LIPS NIz 20T R VL8 Cu-Boride ThH % &9
BT IV—"T [11] DITE B MEFIDFELTED, Wi
TIV—"T & BICARRDE RIS 2 — 2 RO EER b >3
JVEATEE (STM) D bRT T 7 ¢ —14h 5 Fix % 45 s
EERELTWEDTHS (il Fig. 1 ZBI N
Wo THUE, STM Bz Bl 22 e R 2 BIC, &K
U FEENER A GRETHE LU THFETETCLE S 28,
ELWEZERbUNENC LIchkT %, ThbE, £
 DLEMEZ & DRI EYEDYES, FHE FZET 2
W& STMBOEBICE EX 59, ERFIEERNICHIEZ
BT BZREENECZDTH S,

AWFE TGS 772 S a—7 &5 % 2 E T
[El#r (Total-Reflection High-Energy Positron Diffraction,
TRHEPD) % [12] ZHWV% T & TEili—F D 1#id5] 7%
ERRE TR L, Cu(111) DR HEEE 2 FLERIIC
MG BT ExikHlz, ZO/RE, FERD Cu-Boride
THHTENHHLE, 51, TOMEIERYREDOY T
RS Ra TIINEAy  = VAN S Pl (WY ik - (EAPAN
W&z L B, XECETIEE (XPS) &8I
ZHAEDEZ LT, BETFHENEDD CulirhbE
TRELWVWEELZD T ENTOFETHE, LN TIEEM
MEDRJFTH S L2 LTz, TNEBETORS
FEHBICE MBI NS LT, REQRTHTHS
Cumulene & [AIFED n S EZMALIET B 0D, RUHE
YIRS T2 7 — e D RS B U 7ol & 7%
%o CORGEREICW TS AT v TR T OHiTIa—Rt
B JF T HHOEIFIC DOV TAR TR L <R L2V,
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Cu(111) substrate @ Cu

Figure 1 The structure models of (a) Borophene and (b) Cu-Boride on
Cu(111) taken from the previous studies[9-11]. The symmetric
directions of the Cu(111) substrate are shown on the left.

2. RBRAE
2-1. 2 RS SEEEFEIE

B FE A O Fhds) Z X% L TIL b T
LLEFHEO—DTH B, =ZXuTHima L Tlddms, X
M7= ULTHOWOENSD, MEDORE® Rt
FhcHBWTiE, BErE 7 a—78 UTAGESE AT (Low-
Energy Electron Diffraction, LEED) 7%~ 5 i 8 1 [B1 7
(Reflection High-Energy Electron Diffraction, RHEED) % I
Ko THIgEMED ENTE, Tk, B FHREINET
JEMEEGL & 20 5 £ COTPE TR NSV Lick
D, REBED ORHOERMD OS2 — T 5T 578
THd, BOPIRVEMHEFOMEERZ X0 2 kEih
TTENTESD, KGO 70—78 L TET
BEZHWSENTE o, RIFFEYIV—T1%, BEFORKIT
THHMETEITO—TELTHVS, & 5ICEmBUK
7% TRHEPD EEBZ1T> TW\W%, T DOEMBUEMIEGE
DIEOBFICHFKL, () FEFE—LZRETNT IO
2~3° LI ORG TAS T % & 2K L THEBICRAY
TREDOHDEMERFSND, (2) HARMELD EHOAE
TAS LiRIAERICIR A LB E— AIic BT RHE
DL RIS 2728, #HAZHL TV &—)F
—JBDERDMRR IS > THL, LWV “DDORHEN
HB[12l, cHITKD, FHFAN 0 IKEL TE 45857
DFFRAIERN A > TUE S B FREITECH LT, FEE
FEHTE, EHERREREDREICIBWVCIERICA &R
T L 7> T3 [13], TRHEPD (15 TE KEK Y&
MG R EWTZE T OARERS ¥ - fliag (SPF) TOAEMLE
THY, HEFMABRENFRIRE NUSHE T L IR ZITZ %,
i FBCS D FERI AT I BT AR - OB KX > T
ThNzH, AWZETIE, SEKHTHS 00) ARy
BEEOHMAKENETH STy F o Vi ERIE L, F28R
it & REE £ TV D FHEAE [14] & DEHRIC & - TN #17
STV, TOEMKNZEITEIROY AT LHFEEH#EAT
B, BHE, MATCHERTES2 7V =Y 7 FARENT
W3 [15, 16].

2-2. IE M

MY T 0O TRHEPD kI AFFGE 7€ — L DI %)V
F—IZ 10 keV ZFEH L, v &> FahifRHE A% 0.1°
AT v 7T 0.3%6.5° DRI THIE LTz, BE—LDAH M
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& Cu(111) FEARDORFRENTH B <112> & <110> I P77/
MR O <110> /A 5 10° 9 5 Ui FREDEN o =
T TiTo Tee WFMED I TR 5 D AGHE One-Beam
S EMEE N, BTSN O SR TR & T L 7 0 JE
PED B BRI TS 2561 & 72> T B,

o FRRE N TE 7 A X2 b JUIZ SPring-8 @ BLO7LSU
@ Ambient-Pressure XPS 2 I CTHIE LU Tze MIEIZEIR
TITV, Cu2p & B ls DNFREAXRYT MLIFEFNZE N hy =
1050 eV & 285 eV THIE TNz,

XPS ¥ 2 a b—a Y RUSFHUERE, /N> REHE
& OpenMX [17]IC K> CRIE SNz, D TiLEE NV R
DT I FNIEE TH 2 FERPFO IR S I K-> TFF
HEh, BERNGEEEER BRI N0 (18],

2-3. EURMER

ARHE, TR cu(111) HiASFEMRZ 0.5 kV TD Ar X
78w Z R 650°C TO 7 Z— )LD iRS T & Tl
HLUEIT- 1218, BME 500°C IR B AN S R EE))
THRRIY 2+ — (MBE) Bk THEEL, ER LK,
Fig. 2 (b) (3/FHL U 7238410 LEED /8% — T, Fig. 2(a) I
R UTENT3x\39 DEJFIZE & OENERENTVWD D
Mo s, OEMHMEITEITIEE [9-11] TOMEHI&
—9 %,

3. BRLER
3-1.B/Cu(111) DIFERE

Fig. 3(a) I TRHEPD HERTIF 5N 7z, One-Beam &1 T
Tory F U IHMRERT, “ODOEET IV KL
jz& T A, Cu-Boride ETFIVHVEREAE X HHTLT &
Wahhoiz, £z, H—RHFR THREL SN Cu [ T
e B ETHOE I, TNTNEEN S b, =24 A
L hy=21AL7E->TED, TNEOMHEIFFEEER L I
MNEDFHATEL B LTWB T D, KETIVD
ZE MR E Nz, TNO IR FESIOMFHTIE Cu(111) F
WONFRITH B <112> & <110> I AT T 5 ¥ —
LEAFT B LT, TREND AT ENCIEE I A

Figure 2 (a) The reciprocal lattice of V73xV39 period that corresponds
to the expected LEED pattern, and (b) the experimental LEED
pattern taken at the electron energy of 81.5 eV. Characteristic
spots are indicated by circles o, B, and y. The 1x1 spots of
Cu(111) substrate are circled by thick orange circles.
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Figure 3 The experimental TRHEPD rocking curves of B/Cu(111)
sample compared with simulated curves made from the Cu-
Boride (black) and Borophene (Grey) models. The data was
obtained by the beam incidence along (a) <110> -10°, (b)
<112>, and (c) <110> directions of the Cu(111) axis.

RIRF O Z /R T 5o AGRNIEMR D 3 [FEFRIEIC
A ERWINGED 2 DOFEENFREDN S, EEIZ 6 DD F
AL VEKT BT ENDh> TS, N TS OfiF
HrCld R AL VDR EERICANZ RDEND 5 DR
WiDVEMEC 7 % 1Y, B R AL VD E L WK TIAET 55
BENGE LT ETIVALR L FEEREZ IR L7z & T A, Fig
3(b) & (¢) IZ/RTIED, Cu-Boride T IVAYEK D RER{E# H
HLTWaTehbhol, UEDHRKD, #@HRET
JU[9-11] DMER TN T Wz B/Cu(111) iR O IE LWk D
Cu-Boride W& T&H - 72 T L WFHEERINCHER T E T2,

3-2. B/Cu(111) DILER R

Fig. 4(a) (&R 7 FIEKAGHT £ 1B D Cu 2p;, DIEFEFANY
Fw%ﬁﬁbfwéo$ﬁiﬁémm,Nw7m$®1ﬁ
53 (Bu) EENEARHIINC K B ¥— 7 DR E Nz n
LT, B/Cu(111) {ES&IEHT 721 LA Y —HK DK (L)
WEASE T XV F—NCHIR U7z, & SICiENSH UTih
YR RRD AR S B T & TX O EmBURTNEEFT> 72
LT A, oy (L) O Ein Lz, T OfSIE R
EICHT AL ARED Cu i FIMFAEL TWB T &R L
T#H Y, Cu-Boride EF)VOXM CuRFEHmHLEZED
LEZH5N%, Fig. 4 (b) 13 B ls DHETFAXRT bVER
L, 2NV T DRI ZDOE T FIVF—Ixf UL TEMS AT
IKIVF—NC 1 RTDOE—=TDEEL TS, DL EDOKE
BIAVF—DTT XD, KO BFETFHED D Cu it
FhoEFEELY, AIRFELTVIEFIDL S, B
Is ART MU 1RO E—=T Th-o7=C &, ok
I~ Borophene TIEEE — 7 DIEETAXT MVHMEL N
TW3aT k [21] LT % & BkGEV, T ORI Cu-
Boride IC 1) % B JF W RCLALZIRETHFEEL T
W5 Z&ZRLT W5, MEFRDTz Fig. 1(b) U Fig. 5(a)
ICHBIF % Cu-Boride ETIIVD% B RO G T ILF—7%
AR LIz A, BEALHUMATZ RIVF—ICHEED,
—DDOREZR N IRAE— T ZHBILT,
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Figure 4 XPS spectra of B/Cu(111) taken at (a) Cu 2p,, and (b) B ls
core-levels. For (a), one can find two components Bu and L
after the boron deposition on Cu(111). The XPS simulation
of B ls spectrum is shown on the upper left side of (b). The
curve fitting of the spectra was performed by Voigt functions
with a Lorentzian width of (a) 0.7 ¢V[19] and (b) that of
0.1 eV[20], respectively. The Gaussian widths were found as
listed, 0.42 eV ((a)Bu, 6=0°), 0.41 ¢V ((a)L, 6=0°), 0.21 eV
((a)L, 6=30°), and 0.57 eV ((b)B ls). The samples were
rotated to obtain a surface-sensitive measurement.
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Figure 5 (a) The Cu-Boride structure and building block of the boron
chains and, the molecular orbitals of (b) extracted cis-type and
(c) optimized frans-type boron chain molecules. The color of
orbitals corresponds to the different sign of the wave function.

3-3.B [FFEHDIER

TRHEPD M UF XPS FERIC & D fif 38 & 7172 Cu-Boride 4
i& (Fig. 5(a) ZifL< A% &, CulfTE BETHIRHL
VI TDRTHEEER L TV T Ehbhd, ORI
H7% B T8, WED B I DI ARENIETH D,
Z DOz fifEFE 9 % 728 Building Block & L THRYUFED =
ARFICEEENT 4 HOKR YRR ZIREHL, 207
?%ﬁ%ﬁ%bkoﬁgxmﬁCummm#6w%mbt

71T, Fig. 5(c) &7 D% 17 Free-standing 7% IKAE CTHEIE
RELLIEEDTH S, ER TR =AENFRFEHNICE
THEET BT A (cis) IO T TH o T=DITH LT, HEid
R LR IEHEDNE > ST, ZMENAEWICERT S X
INMENTILB ENDB b T VR (trans) D1 L 755 Tz,
EB 500 RE L HUE (HOMO) I n #s &R 707
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Figure 6 (a) The Brillouin zone of Cu-Boride surface with the structure
diagram at the right. The structure of the B chains periodically
arranged in a 2D plane with the molecular orbitals of the states
taken at H, L, and L+1 at I" point overlapped are also shown
in the bottom. (b) The band structures of periodic array of B
chains described by green dispersion curves and Cu-Boride by
black dispersion curves.

HHEZHA TS DI LT, RIEZEHE (LUMO) Tl
cis "ID T n #SEMEHE R, trans BID ) T8 o RS
ABUHER AT, JEETARY MVIEDHRI D, &
VHERFZETEZINE T EBON>TOBEN, TOE
T LUMO D n iE B MEHIEIC A S T & T trans K D cis
RORTINET B EEZ BN, EiF, KFE (C) DHH
F§TH B Cumulene & HOMO & HOMO-1 BSFEIKED 1
HUHERHATRTET ST EHMENTVS [22], D
F0, AHHOBREFHIIAOMNSE FZZIITMA T &
TCHRTHEFEUBEBTIREBICG > TIFEL TS LWV
%, TOXIBEETR—TI N/ BIFETHM C 18 (L
FICT Carbyne) L FIBRGAETIKEZMAT C & TLET 54
X, =R LiB, flh [23, 24) R ETHMEDH B, R
TEEMAR CH B AN B EFHEABIL L TVAB S,
CTOBRTHAEEBATES LWV KREEFEDDH %,
Cumulene H7% B JE O MFYOMEF TH D, A
izl “Bumulene” & #{fir 7z,

LA FiZ Building Block TOFETH > 72hY, TNz Fmic
Wiz Z R EH DS E S, Fig. 6(a) IRT XIS, T
@ LUMO & HOMO O EFIREMN n#5AMNTH D, 7+
WOBEDORMZRT T Dotz TOBET#HZ Cu-
Boride &7V &[] UREIFE TUiR7z/3 > REHEDS Fig. 6(b) D
MOWIRTEINS, BNFHETEINTZ Cu-Boride EF
)V (BIRFEADMIC Cu i 724 A LIMEiE) DN Rt
BLlftd 2L, X-UMDNY RAHWICRET %59 X
BICBIBHHRERE, BETEHOBDINY FORHYLMN—
# Cu-Boride ICBFRENTHD, KHITRI XSV R
MIIINVF—2 T MDA TN S, DD 5,
Cu-Boride DN Rl BJFE DN FHAE - R—7E N,
CuDHIELIRKZRCT LTS SENT bbb,
N REITRICEB VTS BEFEANOE T F— T DR
NiEWVWZ %,
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PLE, RIS X 5 T Cu(111) FM EoR o ZWEmn
Rt TLETH % Cu-Boride TH B EZfREIAL, ZD
RESENE ORI — X0t B BT HHICDOWT, B1E R—
TEND T ETLET B VS R RIHMN 7 —Xeh
DORPFEEFR Uz Cu i ORI EYEIC OV THERE
RERINC Z DREE DRERZ 1T TS MR TH v, R
THEOERIMETHD, Bk B HT) L8REET (Cu
Ji1) ZRA G DY T KD RS O L NRICB T 3
TRHEPD SEROH MM GEH E Nz, WERRET & D
Far B, IELWEEORGEDEND S Th 2R T £
DHICENTZOERIIKEL, MOSEIRN EDKRT 2
PIEICDOWTE, ZOFMIASET DR NS, Kz,
AW —0T B R &0 5 Hife i —RocERED S
B &5 578 Th b, BTEANSHGE & E OGRS
MR EYEIC X B T2 — Do e O ER D R &
N5, ARaTEHENALENZh o720, Bl 5DE TR
— T OB K > TBETHE Cu i HOEm T 22T
5TV al—yaryENTEY (18], EikzEZ%
BELT, 0 —XehERiED S ORIt E RS
BN &, HErcE b T 282 Billtk 2 E Lk
AN

E jF

ARTHN LT3R E L, FIRE, 2R, 2
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