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Discovery of superconductivity in CaSb, a topological material
with Dirac lines protected by a non-symmorphic symmetry

th B
AR PR PP 2R By - T HIL
Atsutoshi Ikeda

Department of Physics, Graduate School of Science, Kyoto University

We discovered superconductivity in CaSb, with a transition onset of 1.8 K. This compound crystallizes in a
non-symmorphic structure and is predicted to have topologically protected Dirac lines in its bulk electronic band
structure. The Dirac-line material is the topological material of the next generation, following the topological
insulator, the topological crystalline insulator, and the Dirac/Weyl semimetal. We hope that this discovery will
trigger further experimental and theoretical investigations into unconventional superconductivity in Dirac-line

materials.

1. [FL®HIC

BREIT 1911 DR RLIK, Z< OMREOEKEZED TE. BHLLANWI LIL, HoHY
ECHBENERIND & ZOFIWEICHENELL, B LTHLOWDBEEZEVHLTL
ia:kéz%é.%@m%mxﬁéﬁﬁﬁm%ﬁUjﬁ%ﬁﬁﬁﬁﬁi%mw%wk:eiﬁ
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WAENTND., OB APEELREEZRZTOIE, B CoRRBFOSECH
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Tz 13T, CaSh EWHOMENHEREZ /R T Z EE2RR LT [4]. 2 OWEITIEIA L ipX
DR R I S A o TR Y, TR X o TETFNEE O TS 720 A0 6 3m 70 i B 24
HEWIERIARME A RTEEZ LN TS, ZOXIBRMERTFTRENRTWIMEIIHZ D
FELMNRL [5-8], &bl %@¢Tﬁh%%r?%®k&é&é% ENR NS [9]. AT
13 Z OFFR R EE OEJR & MR8 AR T T — X IOV THERT 5.

2. xtFtEE bR O —

TEOHEMHE AR CBNC TR Y —] LW BERF—T— DD ->TW5D. 2016
$®/~Nw%@ E#bem/ﬁwm%%kimw T0 hR v P h VOB FE RSt
LT OIFREICEH LWV [10]. FARE =203, T—RRE ) O] 20881 2550
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NAREEEMIINIEHETERL, TOREEIZESWHWTYWEEZNIET S, MR 1 VWEIX
BELIC L CRERREIREBOAE IR EE2RFD, EER T T ObHE THLHIHFN KR
TVHETH D [11,12,13]. AR =2 X D2WE OS5 BITMEGEICK LTI E > 7223, BRI
WY RE Y v TEFFZRVCEER (B X v v 7 8K) [14-18] OMREIK [19,20,21] 12 F THE
FEINTND.

FRBINAEREERT DHIOZCHELRDLIOVPMEORSOHHMETH S, HIM O MR
0 Y HVAERRIR A RS D O 2 CEERER 2R L ORRFREERIFRETS 5 72, O BISHE
il DFFOHM & 2 WITEIEE PRI E SV TH LW R AR R O IV AREREZERTE LI &b
20, TR a P ki 221l bR - 5407 v 78R I[23] £V ) SENR
EFENTZ. BUETHHEARAFEDOS & TWEA DL, TOREREELZEMEIITET
HHFZENED 5 TN D,

3. EHBHIMLET A4SV - A4V

CaSby TlE, HIMRfE RIS HIZT 4T v 2 - %@ﬁp.

S UHEET D, COBETR N L (F 459 s - T4 S P

V1 EV) BER TS OBRIEIZ SV TR S, L)

FE LT S B & 13 R 2 I A A Do B T, B e AN

AT FRME & DR AFRED Z & Th 5. MAERAEIX %

B HIRICTATBE L0 bICHMmT 5 2L TH oA, Cash: P

G B AR EE 2 50T b b A L < BIT 5. Y

B4 113 CaSb, DfE@mEEZ TR L TWD. ZOfEGA bfiiFm X 1. CaSb, OffmAEE. HEAD
IZHONTN D B ASTFRENOE D 12 180° s L, X5z pllh KRS RHPB Calily, HKED/D
FENCERIO LS T UESETHS, T5E, bz S AR SRFERT.
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ZE e AL FME I SEECIIEB S TE LT, EMETHO THND.

WIZ, S AXFRPEN CaSby DX RIEEIZ E D K HITHET 5005 2 5 [25]. CaSb, D
Ea N B 5 ZE MBI P2y/m (No. 11, Co’) TH Y, ATREZ2 RIFRERAEIL b #E 0 O D8 ARRIE 24, b =
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kyn> & 2l /b, kyn> b (km/b k) & (haml o e ke B Sy
b, ~k)) TRIL =R LT =20, ZOLDOK 2D i CWBERF 4Tl « T D
X olz, WEZEM T (kn/b, k) 2D (heyn/b,—  ETHD.




) \CRBET BRI, S (k7w /b, k)n> BB B AL R k,
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DT, (kom/b, k) & (ke /b, ~k) DRI TTRNAF—=F X ¥ %5 A T Nk, ko) O IER D FI
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WD ETAY RBZHELTO S, WRZEMO k= /b f W IIICEEE RS TS &
EBCIRY, 05D REHERS TS bRR Y PEANF—FRELIE2TS.
AT D, DEVHI DDAy FREITHRITHER>TEY, ZOMHN Nk, k) 382725
%Wmﬁﬁ’&ofwé

ZOX D RBRICHE IR 0 TN RREFT 4 T w7« T4 EMEIND. 2 OLFHIAE KGR
METFHRHCBIT DT 47 v 7 TEREBR LEWESRER—L - T 40T v 7ICEKRTS. T4
T BRI ED ERAFDTRNX—EITE = tc(mi’d+i’k)"” THzZ b, &<IZEEm =
0D EXIXE= Tchk & W HBIELEICRD. 3D EDF BB D iz Fio/ Ny Rk
TA Ty T s a—=y MR, HDFANCIET R —IEAORERNET TIZE D 2 RITITHE
RS EROLDIET 4 7 v 7 « TA LV EMEIND. CaSh ZTEIICZDT 4T v 7 « T4
VERFSO TSI, AROEFRBIZH D LY CaShy 1% [FEILA 2kl bt FriE IR S 2T «
T e TAELDNRR Y ANYE | 72D THD.

4. CaSb; DEBIZEDHER

T2 3 CaSby THIBEZRERALIZDIX, o OBRTE-7-. LvHDd, Fridblb
ERIDOWE CasSh,0 IZHB W THREEZRFE L T\ e, ex OWFSE=RIL, Ho X L THA 4k
BOFH N ELEE PPMS & WBWEAHIA 7> a v Z2FTA LTS, B2y hThiZ4eH
HTHO0IK ETRETE, WEICHIREMIZEFEEZDO TLEAUT VI BN LD THD
[26]. ZOEEZHAZ, HOEWRETH LV HXTH - TRIEEEZEND D L WIS
BOIRL TV, 5B, BoEWREZH-> TWE2Z ERhaRLT-.

20190 1 HIZ A, CasSb,O0 Do W TES 2B N BIRED X 9 R Z /R L7z, L
2> LY IR OFREHT 1T CasSbO DIAMZ & Al 32 < & F 4L, FEERIC EOWE N BIRE K7 D)
BETEerol. ZITHRAEOHZATRMMEEGKL, TNONBEEZRT0HHA L.
T 5L, CaSh, ¥ 1.8 K THImEZ /R T Z ENbhoTLE -7, EERMND CaSh.0 1T
RTINS E D7, ZOREN2019FEDIHDZLEo7. L, BeEELEDOL
DO (& WD REUTFTEN), ST —F _X— A% L THDH & CaSby PR E &R
FTEIFASETHON TN STZDTHD.

CaSby DHIEBMREARTS LB LT B, GwSCHEE £ CTHRERET L OBRWE o 72, IR L7z
LBV, CaShy IFHERAICKREBBKIELS, T4 T v 7 « FA VL OMRRE ORI BV Z



BN L 72 & FRET 2 FEBRER S 2019 FElI2HE S L TH
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AoT=DIX20194F 12 H10 HiZE 72, Zh b7 —X
b LIS EBEL, 20204 1 A 3 HICERE, 2020
2 A 25 HIZK[E L2 Physical Review Materials &6
@ Rapid Communication & L T 5 B & 4172 [4]. Rapid
Communication & (%, FFICEHEZERMREE L THRIEEA
BRI L THH XX THD.
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W@}kj7/axﬁ%ﬂmsmmﬂw%#% L]
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b b, EGL’ = ®/QrucHo) ZHNWTEX Y TV -
FSURT e ab—L AR EGLICHET S L, EGL TN
40 nm & 72 5. EIRBALRRIED S RS bz Ha O
EREMAGDOED L, WHRARIZA > 240 nm, ¥
VTNGT T BT e NTA=H— [T k>54 LHEES
no.

LZAT,H5M)I8HD KD 7 Ho DIREEMAFMEIL T
BLER ) 72 H O T2V, Werthamer-Helfand-Hohenberg
DOEH 2710k DL, 2> 12 ThHHE _FEBEED
Ho 3% < o4, WEIC L TR THD. 24
A5 (b) TIE, & 2HIEEHIP T Ho B FITHICAR ST 012

R RHALROEEV JuoHac (VIT)
)
[=4]

0B o ¥ Y LEPRBAVE, BELCHTINTE S ””//V'jﬂw
BEPFFODNTVD ZERFRTIHARVNEER T (4 2§

TWh. £H2HZhbOREL, CaSh OHFEML 3 oo
izl oy hEAWTH o7, ThZhohshirn % oo
BEEIZRDIRE S, HTFREOBERLED Ty b of . )
SRPBEEICRDEER TR TS LT, 5 O) ° 08 ﬁém R

D KD REHERRERFEZ R L WD AR B 5. TR N S p——
KITMOBEROBERF>E VA TIRNDOBE6 O e poprprin oo k% & pofae & A &
BB TH D, EONRFUPZFIRBALROFELICT < +2 L, 17K TOREEERITIT
I L, —BANCIXERBA LR E PR D B E T, 1.7 EAEREBINRVNDIZHL, K1K
KU FCRBEMEZRLTWA DR 4 LRUER, i BT TOBMEIERIREN T8> T
LTI | K BT CRBIIERHS 2o TV %, Fopss  NESIVRSCHELTING., —0= &
R LR E DB L, B w2 B LK SN TR
FWRERL TS, 1TK TOE—IOMEBRE  gi- 5 2ok 72 5910 O AHEEE S
REFVFE—HHEN I KAHITREI > TS Z ERNDN @E#E s -T 5.

5. ZO 1 K CORMMEDOERD, RivM 0BG

ZRLTCND. il Hae # KELT5 L, 1LTK TRE 2ZNENORTOBEEIXIZE A

B E T IV, R OBIREITEBIRE N TN - TR L /NS Ro TS, 20D
£, ENENORLT LR T OBREHRE IIMG TR L TERDSDEVERT. ZAN
5 (b) DFEMICIIT D Ho OEMERIREIRFMEDIRINEEZ B D.

VT BB ERES T D ONK T (a) OLET — X THDH. 1.5 K LT THEERICHE S
RBEERLTOND., I DL, ZOWBOIBEEGNELIBEE AN O Tidw.
Bardeen-Cooper-Schrieffer i3 [28] 12 & 5 &, BUAEIEBIRE W CHEIANERICE T 5.
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6. kRO HILBIZEDTRENS (a) 35
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B gL —KFEA T2 HNTKRBLENT- L F & D
KB4 & B IRRE

Hydrogen Distribution and Electronic Structure of TiO> Hydrogenated
with Low-Energy Hydrogen lons

R A
HERRFR BB TE R
Naoki Nagatsuka

Graduate School of Science, Kyoto University

Hydrogenation of TiO2 enhances its visible photoabsorption, leading to efficient photocatalytic activity.
However, the role of hydrogen has not been fully understood. I introduce recent our studies on the hydrogenation
of the rutile TiO, (110) surfaces and the anatase TiO» (101) surfaces. On the rutile TiO> (110) surfaces, an in-
gap state (IGS) was formed at ~ 0.8 eV below the Fermi level, and the bands were downward bent by 0.5 eV
with hydrogen irradiation. The H depth profile showed a maximum at about 1 nm, extending to ~ 30 nm with an
average concentration of 5.6 at. %. On the anatase TiO (101) surfaces, hydrogen irradiation induces an in-gap
state 1-1.6 eV below the Fermi level and a downward band bending of 0.27 eV. The H depth profile at 300 K
shows a surface peak with little concentration in a deeper region. At 200 K, on the other hand, the H depth profile
shows a maximum at about 1 nm below the surface along with a broad distribution extending to 50 nm. These
results show that H diffusion in anatase TiO» is much faster than in rutile TiO:
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= B v S W ZE B 0 0 0 0 31 0 31
W — MRS AT AL 418 319 501 585 477 476| 2,776
SRS & OB IT e 0 116 113 344 115 231 919
BREA SRR - (IR EE MM 663 192] 1,072 731 1,068 596| 4,322
& 7t 14,012| 12,176| 16,978| 17,779| 15,792| 16,977| 93,714
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IR v U NA

WA~ o LG &

TN 2 R HAL: Uy fb

SN S 4 5 A 6 A 7 A 8 A 9 H & &t
b ZEET 1,432 763 1,769 1,581| 1,700] 1,657] 8,902
T )L X— PR RN 333 86 148 399 174 332] 1,472
A A7 BRI SR T 0 57 0 0 0 262 319
AR 0 0 0 0 0 0 0
PREWFIEH 0 0 0 0 0 0 0
T sE R 0 0 0 0 0 0 0
TRV X—RHE R 0 0 0 0 0 0 0
PEE Il HEAHS 140 89 120 87 59 137 632
& i 1,905 995 2,037| 2,067 1,933| 2,388| 11,325

IR ZEF S &

TN 2 R WAL : Uy b

IR ER MG =R 4 A 5 A 6 A 7 A 8 A 9 H & &t
=205 1,736| 1,605| 2,447| 2.,485| 2.,114| 2,560| 12,947
VX —FL LSRR 1,274 1,104| 17394 1,441 1305| 1,167| 7,685
Efllﬂ? i 177 207 252 203 396 234] 1,469
R IR 413 253 323 359 369 327 2,044
B S F T 0 0 0 0 0 0 0
PLEEMFZE R 0 0 0 0 0 0 0
TRt 28 5 101 212 238 197 781
T VX — RS E 0 0 0 0 0 0 0
FEE A 0 0 0 30 20 15 65
& i 3,628 3,174| 4,517 4,730| 4,442| 4,500| 24,991

Xy N2
WIE~Y 7 AMtHE &

SN 2 LERE AL Uy fb

WRIE~U U LG B 4 A 5 A 6 A 7 A 8 A 9 H & E
TiseR - B Ly 44 98 344 365 390 295 1,536
TR - MM 89 137 251 276 264 241| 1,258
TMRER - =L F —(k5E 220 308 483 441 447 404| 2,303
T 5ER - o L% 141 111 158 124 103 96 733
TEM5EE - ks 89 54 43 50 33 27 296
TEEWEE R - Bk - é%ft% 100 96 79 104 80 111 570
& it 683 804| 1,358| 1,360| 1,317| 1,174] 6,696

W E R E

SN2 R AL Uy fb

REERIEE 4 A 5 A 6 A 7 A 8 A 9 H & &t
TEEWEE R - BT EREE L 7 0 0 27 22 26 82
AR - B TR 47 18 101 73 89 57 385
TR -~ A 72 P=7 ) VR 69 33 31 32 26 38 229
TR - R LRI 0 0 38 97 87 95 367
TR - ER TS 625 415| 1,436 0| 1,282 931| 4,689
TsER - B Ly 13,618| 12,768| 11,822| 13,945| 11,577| 12,083| 75,813
TR - MM 837 750| 1,648| 1,691 1,342 1,723| 7,991
TR - WE =X — (b 631 822| 1,107 965 700] 1,110] 5,335
T ER - o L% 652 584 701| 1,056 766 831 4,590
TEM5EE - @ ks 450 598 762 651 509 569 3,539
TMEZER - B - AL 1,434 1,314 1,572] 1,351 1,175| 1,532 8,378
TAAFgER - b 15 60 45 74 89 252 127 647
& it 18,430| 17,347| 19,342| 19,977| 17,827| 19,122 112,045
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