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REAR T b F AR RS, ATAO R B 1) B8 5 78
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Fig. 1. The pyrochlore crystal structure showing the Ir
corner sharing tetrahedral network. The configuration
that is predicted to occur for iridates with all-in/all-

out magnetic order (from Ref. [15]).
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Fig. 2. Evolution of electronic band structure of YoIroO7 shown along high-symmetry directions, calculated
using the LSDA + SO + U method with three different values of U equal (a) 0 (metallic), (b) 1.5 €V,
and (c) 2 eV (insulator with small gap). The Weyl point that is present in case (b), is not visible along

high-symmetry lines (from Ref. [15]).
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Regk 45 K B A IR s ) JL AT BE A%, 53 4k 5d
T IR KR, BT LA R 25 BE [ HE A R
AR T B AN 2 R e 4 5 0 1 Bk AL BT,
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i (22720 [T RERRATI A R DA BEAR e UL S B )
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1 FIHLSDA+SO +U (U = 1.5 V) iF 5 Yalro O JURARFEBAMRIFIEE R, Hrfr (S) F1(O) 73R Ir T
R BB IERIE, Eror £ B RE, ZEAREREBINT (51 HSHE K [15])
Table 1. The spin (S) and orbital (O) moment (in pg) and the total energy Etot per unit cell (in meV) for

several selected magnetic configurations of Y2IragO7 as calculated using the LSDA+ SO+ U method with
U = 1.5 eV (Etot is defined relative to the ground state) (from Ref. [15]).

gt (001) Bk (111) Bkhh 2-in/2-out IDM ATAO

(S)/uB 0.08 0.10 0.09 0.06 0.13

(O)/un 0.09 0.10 0.07 0.06 0.12
FEtot /meV 5.47 1.30 3.02 2.90 0
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S TR IFFEAK N 2, 4, 2. LTS AT
PUfG, HRIaI B Reay a7, Bk R 20 H &8
178, WRARIS B AL ORfR, 520 H LR Bl 45
FRRAE U7 T IRATIS 2 1 ATAO AR, HEAT T
LSDA+SO 115, g5 3R 2 (a) FioR, R RIKAN

&JE. P UMUK SE R T 2T AT RERR Y. #5255
W H T ORBRE B HE R, 34T T LSDA+SO+U iHH,
SR E 2 (b) ME2(c) s, WA LUE |,
B OREBELLS, YaolraOF WY M AR AT I
BRAR A Ak, ATHIE, LDA+U HiES BT 2%
B Coulomb HE /% /& | Hartree Fock V3% 77
AL, — RIS, REBREEE U R85 I s 2 1 18,
Hilf 2, w2 (b) A 2 (¢) i, 78 Yalr, 07 1,
RERRBESE U BI3G N B i vk ).

BRI 9 ATAO PR30 45 A6 ANFT A A o0 TS0 AR PE
JT LA AT DAIE 3k 6 1 2 FROR AR 9 B8 7 45 A4 R AL
FIRE AT CH T SR B T B BB A I . AR B [A] R
AR R, ATV FARAREE € = £1 RARid g
TETH O 327 F AT B K X rpr B[R] S 38 A A8 AR TR
NT(0,0,0); X, Y, Z(2r/a(1,0,0) FH R 15 B
R, AR PUAS Lt (e /a1, 1, 1) FOAR L 36 FR ).
R 2R TORREH UL NI R, BT R
2, BIRMRTFRME ST YA L U255 i, H a2
TR I i 7 AR O S H A —A L7 A
PR B =A L s IX oK. i AL FH Al = AN L
R FAR (L 2H5). JU > U, ~ 1.8 eV
i, B ATAO REZSHII Y oIra O I FE AR AR FE AL,
MU BN, FRRRAE T A, SR R LT AH
A WNER 2 Frl, 78 L AL B A AR AR SRS A
G RAE T #EE. vTLUOEH, XRAMHER RE
—ANRAG A (R WS R [15,16]). 4
U MR KIS, 1 % /& Mott 82444, ATl U 1R/
%, R RIE T E B A, 751X NHAR 5 1k 43 it
gE L IR 244 B A AN 4 A ) A B
IR (BARDHE WZE 3R [15,16]).

®2 WHEARRN YolroO7 FEM A RIHAZE s TR, RBP4 G Jope = 1/2 W TR (N FIA REH AL

) (51 HZ7E 3 [15])

Table 2. Calculated parities of states at TRIMs for several electronic phases of the iridates. Only the top

four filled levels are shown, in order of increasing energy (from Ref. [15]).

AH r X,Y,Z r Lx3
U = 2.0 eV, ATAO(Mott) ++++ +——+ +-—= —+++
U =15 eV, ATAO(Weyl) ++ ++ +——+ +——+ — -

K 4y R A SRR, LU 41
(A A RAR R, 5 425 M A AT
FEBRTUS N e =Y v qor, JOKAES

WENE, Hrh g = k—ko, 0; /& Pauli %545, 3K

<

it oi AELRVE IR, T LATE RS AR, TR AT
ML ERERAE = /3 (-9
537 RERRL T8 o ) Wyl J7 R 50— 14,
AT AE XA FAE (FHEAH) ¢ = £1
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—A(k)

EMAEE AN E(k) = £1/A%(k) + B2(k) + C2(k).
MIXASFRIE AT LU 5 A8 ) 7 22
A(k) = 0, B(k) = 0, C(k) = 03X 34> J7 F£ KoL
E—AN=4 R, RS = (ke Ky,
k.). X EANRELRIF— 2 HBLAE A%, (H&—
HHIT AR, BN s RiaE. Mt R4

ARSI B, AFTIFRERR, RN = A5
(kuy oy, ko) M2 2 LR = AN PO BRAEFIAS
FIHEAH B Weyl RIS, XIS Weyl mA RETH 5.

733 Weyl i (1) &8 2 AT I 1 Bealy, B LA
TA3EI Weyl £, 75 ZEHT i A 1) e s 119016) 83 23 ]
SOE R FR A D153 £ = 425 ] B Weyl #2K 1Al
Dirac 9K FRA—FE. W L1 ik Weyl 2552 2
FMRAIM AR E AL, TR 2R Weyl s 1%
T =41 Dirac £, & 75 RSN AR A 2
TR BT,

X T RE A S REA ), A L sktiE
A=A o = R B PRI R I Weyl &1, BEATE
AAFE M FAE. 0 b 2 ) s B R A ) F
fiE) Weyl m, — 30T DL 24 4> Weyl 704 7EA7T B
WX, FEIX 24/ pi IR, REAT IO EBOC 2 4
f). BT X RRYE, BT B Weyl f#RAE R — AN RE &=
s BTRAZR K RE R & ik g L R, 7RSS
(T RBEU FIMER R, YaolraOr MI3EES 2 Weyl
P . ERMAM BN FAET, TR T r)
AN B AT AR B A A 2. 7E LSDA+SO+U
(U =15 V)i HAR MR, Z4EMReH2C
MBI E = (0.52,0.52,0.30)21/a. [FIHH 74t
23 N3 X FR PR B B I Weyl s 95 76 LS L. 4
LT OB U $2 R i, X 88 Weyl s b B 58 3T, H 3
U = 1.8 eV I, XU SARLE L fUAHE IFAH, 1A &R

IR Lk M Weyl 2 4 J& 5 40 i Mott 28254k, 3 424
U211 eV, PIANERFAE ) Weyl sSS7E X f1
FHIE, HF HARTE. R RIS A G Ah, 1K B
IEN T Axion 4R, WKl 5 Fras. a2,
ELSDA+SO+U (U < 1 V) 5T, A HAhfE
WL REHRRRAEEES. X T I-5d BT,
FLSEM PR BE U BIMERLIZAE 12 eV Z 0. FrLL
YolroO7 16 R %A T-Ha1& @ AH, 1A /2 Mott
AL ARAH. WA SRR, an B RN B A g, X
PR A 28 R 18 4 )

2.3 FRES—HEKIN

T HEFRATR 1 Weyl - 48 YaoIra O; IR TH
. Weyl s 7E 3)) & 2% ] B AT 9 AH 24 T 1 5 2%
+, B A R R, EATTE Berry HE 1
P PRl e E AR R, <R Berry E % E U
AR =3 il Vel Sb N R AR B
WA X HE Berry %R F = V), x A.

BLAE FRATTRAIE B Weyl 2 & J& B A B & i 3R
A, FEA BN X — A B A AL Weyl £, U
Kl 3 (a) i~ fESCEAEm b, Bk = (k) k),
Fky = (ko(N), ky(N)), TN MRS £ A 0—27
A EXA R A, s DL R
H(\ k) = H(kx, k), XG50 & 0] DLE R 4E
Y% RO G TR, (EIR AR BTk, #S
B R WIYE, BT DL AN B A T 0] BAE R P G il
A YR RIREUZ Berry 2R 4>

C= 1/Fdl~czd)\.
21

MR Stokes 7 B, IX AR E0t A& P & il TR 55 1
Weyl /i 1) Rl faf (10 A0 R0 oo S (50 A 1 AL 5 — A
Weyl &, XA 4k 7R RMBREON 1, ROV ETE
IRMEGAK. MR RGE 2 = 0FIFLS, BT
BIRBNESRERAN TR RTHE D FIER SR
LS, WK 3 (b) Bras. an SR A 1R 3 823 A v
Ak, 055 TA Weyl i 50 1A TR A ) Weyl
R XA B AT Y ) 4R R RECA %, XA
ERZH MR RIS 2R, ZAEiE
W T 3R ASE PR BEGUE B — A PRI, XA Bk
IS5 LI B R T A —FE, B — R A S LB,
WL 3 (c) B, EXASTF IR 2 BOE R A T
HR I Weyl giAEIXSRIE IR
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Gap

E(ky)

Chiral edge state

Projectd bulk spectrum

Momentum &

(b)

3 Weyl L& BINEHA (a) FIHERIK R Weyl 4,
V3R A A1 LK X LT A — A 1 i T (b)) 0 R T R T
BRAE AR LT RE HO\ k), HTHRRAGIERN
Wk, e A — % B FAERREE; (o) B iR
RIMEMBPAKI, FRIA—A Weyl mith ik, &TH—
ANFAER R 1 Weyl 5 (51 122 3CHk [15])

Fig. 3. Illustration of surface states arising from bulk
Weyl points: (a) the bulk states as a function of (kg,
ky) (and arbitrary k) fill the inside of a cone, a cylin-
der whose base defines a one-dimensional circular Bril-
louin zone is also drawn; (b) the cylinder unrolled onto
a plane gives the spectrum of the two-dimensional sub-
system H (A, k) with a boundary, on top of the bulk
spectrum, a chiral state appears due to the nonzero
Chern number; (c¢) meaning of the surface states back
in the three-dimensional system, the chiral state ap-
pears as a surface connecting the original Dirac cone to
a second one, and the intersection between this plane
and the Fermi level gives a Fermi arc connecting the
Weyl points (from Ref. [15]).

T U = 1.5 eV, YaIraO7 i Weyl ,m@ﬁ:iﬂ
#(0.52,0.52,0.30)2m /a FIE BIXFR L XL ]
PARE e — AN LT, SEO7 R AEAN 0 AT — X T
PEAH 1) Weyl 55, Et (0.52, 0.52, 0.30) 27/a
(0.52,0.52, —0.30)21t/a. FIATEU = 1.5 eV}, X
AN TR N 0.52(4m /). W LUE BILE (111)
THIAT (110) T A 4R OR3P B 3 K I, 31X 2 37 oK I
BB AL XA L B A AN F TR Weyl A,
W 4 FoR. WRFEEET (001) 77 MFTH, F5E
FA I PIAS Weyl s 22 #8522 7] — > i, BT AFEIX
AN B A R MRS 8 SR

/ faiw NN#11

)]

4 CBRARIA 515 ] YolreO7 19 (110) M 1 £
T A& BL R B oK O, B A B0 5 O A A Y T DU L
LSDA+U+SO w53 B ka4, K P RS2 T
128 ME T T E U EA R E WA ERES, b
THI TR 12 (110) 3R NS B TAEAR I R Weyl sUR 5%
KR, TS B (111) R i BB FAEA R
1 Weyl sUHERZ 1 3K, 20 i AR F A F 1Y
Weyl sU7EX LeTh bR A (51 HS7 30 [15))

Fig. 4. Surface states. The calculated surface energy
bands correspond to the (110) surface of the pyrochlore
iridate Y2IroO7. A tight-binding approximation has
been used to simulate the bulk band structure with
three-dimensional Weyl points as found by our LSDA
+ U+ SO calculation. The plot corresponds to di-
agonalizing 128 atoms slab with two surfaces. The
upper inset shows a sketch of the deduced Fermi arcs
connecting projected bulk Weyl points of opposite chi-
rality. The inset below sketches the theoretically ex-
pected surface states on the (111) surface at the Fermi
energy (surface band structure not shown for this case)
(from Ref. [15]).
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t=0.2,t =05t t" =—02t, BHNERPIERS
SR 2.5t N T R ATAO BERI BY, TR A Y
R BUAR 9] /48 25 1E DY TH 4 o0 B T4, I
HIINTHRE N 0.1t ] Zeeman BE 2. X LS4 mf
DUHIR Weyl & 8. N T IHERmA, WE—4
W& (110) & A 128N BT EZE. XANEEH
REAWE4 fon. BHRERTME LRI
R TRIN, B LSRR £ 2 AN 3R 1)
%, PR 5 4 B A (110 TH A 2 K. T (001) T
BA RN RRTE.

1 ATAO [ REAE Y N KR4 By v B A0 A s
By M, UMLK, R RE &8 (UR
/N —Weyl 4@ (U ~ 1.5 eV)— Mott (U > 2eV)
U GAREA AR, 0 R 4% R U B AR A R A
Xof B H Rt T LAAS B e 4 A 5 4 1 SRR R A
B, anfE 5, R LT ORIR U SR, SN2 it hn
NG . MAMEESA KT FHE R, e R AR 58
&g, R R IR ECE BT O R B A S iR T
Sl LA B Ry B B, T 503 L FL T ORBR R B BT
LA B A R 1) S50 mT DAL I 21 517 SCHE B 1A
7] (I AH.

Ferromagnetic metal

5
>

Collinear
moments
(large field)

Axion insulator

M />
- —~
S wn Non-collinear
= i
é = metal
T E=
YOS y
1
z r T T y T T T T T T 1
0 0.5 1.0 1.5 2.0 2.5

Coulomnb U/eV

Bl 5 ket @A (A2Y207) FIAHE: ik
TREK, HOIMNIESS (51 B2 3CHR [15])

Fig. 5. Sketch of the predicted phase diagram for py-
rochlore iridiates. The horizontal axis corresponds
to the increasing interaction among Ir 5d electrons
while the vertical axis corresponds to external mag-
netic field, which can trigger a transition out of the
noncollinear “all-in/all-out” ground state, which has

several electronic phases (from Ref. [15]).
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N [A) S VB AN AR R 48 AR ] AR AR 0 (0 = 0,m0) 70 K
PR, — SRR GE (0 =), H—RETEL
ik (0 = 0) 10992 T hs (R E: Lo EIEIE M543 R A2
A3, BB T AR R O IR RR. BTLL G =
1) 465 23 AR AN AT LA B J) e 38 AN AR (1) 4 &, tn]
L2 ¥ A I [A] s 38 AH a2 FLA H 0 S 8 B0 5 TRt
PRI 2. 24 I (7] J5g 8 R FR B3 25 TR) 06 FR PR 43 4T
W, 0 AT AR 193091 b8 LA — A4 k)
0 # LB/, Bl CraO3, BiFeOs, ‘BT 6 43514
1073, 10~4163=051 Fr DL 33k B A 4B H K 0 B4
B — bkt i A 1061,

FAR MR N e G AR 25 S T R SR AN Y
TERIWEFT, M LRBCR ISR T RERR. V12 &0
B TS MR b AR p TR &R, BT H
T RBRHERAR /N, 11 HLAS R ARG ). 3d A0 4d i i e
&8 TR A R OR I LT OREE, (2 e H iefhiE
MAER/N. MES A TRNERAEFIRK
[ HL - ORI 8 [ e PUE RS &, (H2 e AT R Re i &6
TR, By LAIX 6 4 Joi 4 75 e AT VAR A S P Fh 48 2%
i [67].

A e aititid, 5d 78 & B A58 B e iEf &
FIAS ] 2008 (1 B 150 BK. BT DA 5d i V% & @ A e
FEF IR Axion L AR EAEM B W 5 R, 78
FHIRBRIX I (U ~ 1 V), AaBoO7 H Weyl s AT B
WX B X S HARTE. (H2 01X A A 1 B
2 I BOKTH, TP AeBoO7 J2 42 J& 1 A 42 Axion
AR, MRk A 45t 1) AsBoOr —#E, RimfA 4

az-j
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IR AT AB2Oy, B AL i 4 8 251t B AT 2T
B DG THT A 9 29 5 8. A EE TR S S5 R YD 5d AL
EY, RO G A SV ER BYIET, I
MBI, FIEEATH T T AOsy 04 (A 6+
% J&: Mg, Ca, Sr, Ba).
#3  HERHEERIN AOs2 04 MEEHIE R, ME Nt
Y2107 MR B, H Os—Os fil Os—O KA TR
BHIEAB() Os—Os Al Os—O [ (3] E 2450k [17])
Table 3. Theoretically determined lattice parameters
of spinel osmates. Angle denotes the Os—O—Os bond
angle; Os—O and Os—Os denote the nearest neighbor

Os—O bond length and Os—Os bond length, respec-
tively (from Ref. [17]).

Os—0O—0s Os—Os Os—O

/) BK/A BK/A
CaOs204 98.5 3.07 2.04
SrOs204 94.6 3.12 2.05
BaOs204 103.1 3.28 2.11
Yalr2O7 129.7 3.60 1.99

R G5 H) AOsy Oy I [ RE R Fd3m. R4
B LR A S B SR, B ABRATIE R T FOR
FASE A5, THEEURR YN 1 SRR
SHECIAIR/N, R 3 T LDA4SO 4R, &

AR I At LR 7 V2R SRR 45 i A e P B
PR 2R AN R R BE 5 T A2 e R AR E 1 DA S oAt AT
Re M AR AR GE A AN 118, BT A B4 SRR R i
LR H AOso Oy 2R B, AFE XS, FRATTHAE
YolroO7 W fn s # BAHNAE TR 3, nTLLE R AN
JR X Os—O AT A1 H BOR B2, 3X MR
1S FRATT AT LU 35 AOso Oy B HL T 25 44 3 Ho ] BA
BT HRE B A AE.

AT it H MgOs, 04 1 HL T 25 8, KB
BIRA RN R SES. LT RN T/EEEN®R
Ca0s204. RE CaOsy04 T REU HIMEHIE AR
5, {H &0 DUE E e =48 R G0 I 5 2 Ee g
SrolrOy M2IX PRI 4 RGP BRI, 53—
Os—Os B K L Yo Ira O7 H 18 I—Ir UK AT, B
PATE CaOsp04 HIHLFIRHK U EE Yo Ira O7 HH /).
ML R, CaOs,04 FTHLFREBEU £0.5—1.5 eV
Z 8] FIREER AT G5 Yolro O —HE, 2R i AT 4544
1) CaOsy04 H Os 2 5 B LT P . (H 22t
A E B THE, BRATRIE YolroOr AR H & HS
& (010) 77 1A BBk G S A2 CaOso 04 I3 ES, T H &
SHPRSHIREEZRK.

T (a) i (b) {| (©
0.4 0.4 1 0.4 1 !
0.2 0.2 1 0.2 7
> > > 4
2 ' < : > 1le
> Er > VER > F
0 0 0 0 0 0
g g 1 g 1
& = &
—0.2 —0.2 —0.2
—0.44 —0.4 7 —0.4 7

Y XW DL

Y I' XW I' L

Y I' XW I' L

6 VAR CaOs204 MIREW 451 (a) LDA+SO; (b) LSDA+SO+U, U = 0.5 eV; (c) LSDA+SO+U,

U =1.5eV (5l BZH3CHk [17))

Fig. 6. Electronic band structure of CaOs204 shown along high symmetry direction: (a) LDA4SO; (b)
LSDA+SO+U, with U = 0.5 eV; (c) LSDA+SO+U, with U = 1.5 eV (from Ref. [17]).

CaOs204 ] B8 7 W B 6 r 7=, f£ LSDA+
SO+U (U = 0 eV) ik R AEJE, BT RKIKU
A LAFT T RERR. A T HRBIHERA 0 RERR KD, RATTHE
A7 ELIHXAT 1100 x 100 x 100 IR 5. 5 F X ke
—/NEH R RS R, TR AR AN [ (1 Ok
BAl: U = 0.5 VAU = 1.5 eV, B4 RERR

43 H)H 0.01 eV F110.08 eV,

Fu A1 Kane O8] 4 H — AN J1405 ok ) By L A5 s
S AR ARG R BN Gk, ANATR I
X T BLA A O ST BR B B A Ak, 3 S T B
FF AR F 4025, I FLH R IL R v A & R 5 109700

— M (mod2), X B M = (Zk Ni>/2, T N, 5
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FEIS [A) SO ANAE f i B B AR RETT S PR 4L 2R
i A1 I Os J5U T 1 JR A 85 2 S0 A8, Os 11 5d
BB 2 BIR 92 0 37 B 5, DR L e BUTE ELFROK BE
i 2 eV, ORI A REH £ EZ52 t Os [ tog 14
B — AT A 44 Os Ji1, frbh—30F 24 5%
tog PUIE. WIAIX 24 5 toq i HP 4 LT 306, JUHEA
PR A AR RE BAT R IR AR 117 Os 7E2R it
ZERIIK) CaOso Oy H A& +3 41, PTLAIIR K S22 %%
A, AT 20 2% i R TR I 4 2615 2 R S HR K. BT A
AT ABIF TT 4 2% 2217 (10 T PRk 70 A Fedh .
XF TR A 4 H ¥ CaOsg 0y, AN (8] A AR

REAT HR R TIR. MAEX, Y, Z &, W5 LeEReH
HR 2% B TR, SIANI SRR TR TSR U
FUELN, I, X, Y, Z sURRET I TR A 6.
1M 55— 751, BB AR AR Y L R AR R
S, S5 RN APTH. F RN T U = 0.5,
1.5 eV a4 6. FrLixt T U = 1.5 eV ki
1143510 = 0, A RZEBELZE, MU = 0.5 eV
i, 0 = m, KR4 T Axion AR, X4 LAk
RH A A 1) P R L P L

%4  LSDA+SO+U it # 18 # ) CaOs204 K 4 1

7 tog A FE N H) S AN AR R TR, Kb L A

(-0.5,0.5,0.5)21/a; Ly N (0.5,—0.5,0.5)21/a; L. A

(0.5,0.5,—0.5)21/a; L~ (0.5,0.5,0.5)2n/a (51 AS%

SCHik [17])

Table 4. Calculated parities of states at TRIM for

Ca0s204. Only 4 empty tae bands are shown in

order of increasing energy. L, denotes 2m/a(—0.5,

0.5,0.5), Ly denotes 2m/a(0.5,—0.5,0.5), L. denotes

21/a(0.5,0.5,—0.5), and L denotes 21/a(0.5,0.5,0.5)
(from Ref. [17]).

Ls Ly L. L

U=05eV ++++ ++++ ++++ ————

U=15eV —+++ —+++ —+++ +-———

P+ 48 2 A RN 7 38 248 2 4R 2 () i kYR S R
SRA IS T FHR 48 Axion 4144 1)
AR T DL 4 8 A Mott 4 AR R AR 1L 7L, FRA1
MU PEM T —RAHE. £U &T 113 eV
Z [A]E}, CaOse0y4 A& =4 Weyl -4 J&. &) Weyl

N S D eI G T & T TN - RPN
U 18, Weyl sl 3 i & A& A, 2t

1M 4T JF — > B A2 Bl Axdon 48 2% 14 Il Mott 4 2
&, SrOsyO4 Fl1 CaOse Q4 —FEE A FAIE BT, A
YoIraO7 —#f, SrOs, 04 Fll CaOs, 04 i HL T BE
SR PE B AR A R I T BAH B (W 7 ).

Coulomb U/eV

7T RMARENY (AOs204, A = Ca, Sr) HHE
(51 HZH3CHk [17])

Fig. 7. Sketch of the predicted phase diagram for
spinel osmates (AOs204, A = Ca, Sr) (from Ref. [17]).

I Ja ATHE R T R ORI
BaOsyOy, b iR 42 A0 4 & W] 5 i 52 ) 1 & 1
R 45 K. 5 CaOspO04 M1 SrOsp Oy A —FE 1 J2,
LDA+SO WS EBAETD 8% Jur = 1/2 W HA
1] FF M7 4-2-2, 110 AS A& 2-4-2. 1X /N4 J 5 Pesin
Fl Balents 9] {1 45 2 — FE. Xt F BaOsy 0y, %2k
] A AR I e Al 28 0k, 9 H 2 oK A 2 Bl A /D
M) A A A OB I k. BT RBU 2
J&, BaOsyOy R H G, (H27EEH1 U il
FEl N, 7E BaOsoOy H %A K I Axion 46 2% 44 #5 Al
Weyl -4 J@H.

4 Slater 42 % Kk NaOsOs

HISCAT 4R 1 5d I I 4 J& S8 A P ey i R TR
SRR N E A 1517 A 5d i 4 B A AL
L RE I IR 4 A8 AR I AR L 51 T NN DRV,
FLAE 1951 4F, Slater $& H R ERHLT 2 151k R K
A4 SRS RARAR 3], B TR A BRAR, TR R e A
TR, T EUR R B b AT P A, BT R
A BN X di /N AR B — 2. fEAm I IX L A, g
WRABS R W 8 B, AR R T WY
B & B A G AR AR PR Slater A5 R34, IR %
— 4 SRR RSB A S AR AT T DL IX
NS MERE. (HJ2 = 4E) Slater 8 AR E1IEH 5L,
X7 A = AR P oK AR AT AR B 2%, il
T AR, AR MERE ORI HTE B, 7R A AR A
1E ATAO W5 M R I € UL, 38— =48
Slater 442% 4k CdyOsoO7 B A3 35 P\ [B8:44.71]
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99990009 =

71-;/0, I I nl/a

Temperature

—n/2a m/2a

K8 Slater 4 hn i BEHERENEK, KLU
SERBE, A BN X G/ — % Be i AR A BLIH X g S A2k
BEE, TP RERR, L& R AR AL

Fig. 8. Sketch of the Slater metal-insulator transition.
As the temperature decreasing, antiferromagnetic or-
der appears and doubles the unit cell. Band structure
is split at the edge of Brillouin zone. Metal-insulator

transition is occurred.

2009 4F, Shi%F IH] B & BB AR & T
NaOsOs, Jf H il & 1 & &5 #) LS At i) 4 22
PR, AR XS AT 5 I B 45 R, NaOsOg H 45
12 IEAS S R0 454, Os J5l 7 A Bl A N4~ 0
JET, TR Os-O J\HIA, Os B3 21 )\ T4 & K37
NaOsOs 1 B FH il 6 72 i R B )8 AT 0, (H2
FE410 K, KA T @A gAEFAR, maiiiks
RAMAL. Fioh, FEERRE RN, HEH A PR ih 2k
ANTHE 28 L B AE ik, Ui AS R — A
AR IR E S R R E A A
TYESARAR. TE 410 KB, Wi ER AT R AR
XA LA AR R B KRR SR LA
i FEE N <2 R -2 R AR AR R R — B R TR

R Shi ST E T BT 451, BB AsLIR g,
RARR I, RABRML T 2 A 3 1) 4 J 2 2 A 2 A8 T AR
JE. BHHER N R G HE FUIX A AR, 1 FL RS
S B EERE X

TE% P AR ZE N, FATHRIH A S L
TP T 38 7 92 R PR WIEN2K 1731 3 - sz a6 il
3100 5 R 25 K 5 0, AR R T 1 N AL bR, 45 SR
5 PH). W T LAE (A TR S5 R S
MEEIEERE.

N T EEZERIEEARRRNE S, RATE okt
F LDA L5 T NaOsOs [ L T 45 8. I Ei 3¢
Jirik, Os G540 T O )\ Ttk 2R KM ShnE
L. Os 1) 5d HUIEESZLN e, Fl tog HUIE, FKTH L5y
A 1 3 B2 Os-tog $1IE. LDAEAL R i 5524
B (e B 9 (a) BT, IX 5 Sea 4 JEARFE (72,
WIHTSCHTR, XT5d JtER, HREPUERSE BN
K, T H 5 E US4 5d R R AR T R HT AT N
PIEEPERR. LU0 SrolrOy () Mott 56735 B9 ApTr, O
J& Weyl 45 )@ 115161 AOs,0, 52 Axion 4244 171
FIT LA BE 5 FRATTAE v 5 i 45 A D B e L TE R
A1EH. K9 & LDA ALDA+SO 5 15 3 1)
NaOsOs IREFT 2544, MWEH AT LLE i, LDA + SO
HE RS 5 B2l LDA f 25 Sk EL AR AR /N,
Ui B X AR R ) B e SE RS B IR A K.
X JE H T NaOsO3z H Os S +5 47, B 5d3 HEA; tog
AN, RIONPE B, I B RPUER S
TER B — 88 %, 75 2dit a4 G
Bei. FTLLY SrolrOy4, AsIrsOr, AOsyOy4 %5 5d° 1
AANE, A IERA X NaOsO3 [ 5 500
Fh.

#5  HRLAS IR T AR TSI E NS L (51 B 225 30k [18])

Table 5. Numerical and experimental internal coordinates of NaOsO3 (from Ref. [18]).

Bkt (18]

SR (72

JiF T y z z Y z

Na 0.0392 0.25 0.9910 0.0328 0.25 —0.0065
o1 0.4919 0.25 0.0885 0.4834 0.25 0.0808
02 0.2940 0.0428 0.7046 0.2881 0.0394 0.7112
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Energy/eV
Energy/eV

X r zZ R

B9 LDA FILDA+SO it 51 NaOsO3 M (a)
LDA i+ 58 B 184 (b) LDA4SO 515 2 (1 #E
(51 BZ%30Hk [18)])

Fig. 9. Band structure of NaOsO3, shown along the
high-symmetry directions: (a) LDA; (b) LDA + SO
(from Ref. [18]).
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Fig. 10. Electronic density of states (DOS) from LDA
+ SO +U (U = 2.0 eV) calculation, Fermi energy EF is
set to zero: (a) FM configuration; (b) G-AFM; (c) C-
AFM; (d) A-AFM; (e) D-AFM. The black (red) line is
for up- (down-) spin. For AFM configurations, spin-up
is the same as spin-down; thus only one spin channel
is plotted (from Ref. [18]).
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#6 JLSDA+SO+4U (U =2 eV) it HA R MM AR S G Os JRT H 1 FERLAE (S) FMBLERLE (O),

Hh G R RERE I S BE B E OV E AL (51 AZE 3R [18])

Table 6. Spin (S) and orbital (O) moment (in pg), as well as the total energy FEtot per unit cell (in eV),

for several magnetic configurations, as calculated using LDA + U+ SO method with U = 2.0 eV. Etot is

defined relative to the G-AFM configuration (from Ref. [18]).

T Y G B I B R C R kM A TR el D B = B
KA/ eV 0 0.243 0.186 0.282 0.205
H EREHE / pp 0.94 0.22 0.54 0.29 0.20
MBI/ up —0.11 —0.01 —0.04 —0.03 —0.03

M6 TR LUE B, LR 1) K /)N Bl A e 2
AR AAR K, 31X U B Os b 1) i R A 38 g e, B
NaOsO3 F1HL 1 BA IR KRR &I, JA T H A5 2
MIRERE A2 0.83 up, /N T 5d3 # AL S = 3/2 HIREHE,
SIS PR BN E R A A B A 2.74 .
X T Y R A R, G MR A 2 - P il B A )
AT LA B -4 B IE 1 B AR T R LA
{H 2 X I 25t 00 A0 7 3 B A S RE AR AR AR AN B
2/ E R T R GO R M — A
GARTIfE, BT UMRZE 5 BRARAE [R] — N5 R B i A 1l
PR SO A G R AR AR IR e gk Rt — D
ik T NaOsOs #2& Slater 4214 18],

TATHER 0 45 B 5 4 eI iE sk, 36 E AR
I [ 5% 52 56 = ) Calder %5 (7] (1 o7 -7 B 5 45 SR AIE
ST NaOsOg MIREREZS & G R s i, i BLARATTR
W, HRNEMAEEXMERTAEE Os B
WEFE 9 1.01 pp. IXEegh RS AT TR 45 1 —
U8 B HiE T NaOsOs & — 4> =4k Slater
LA LAR.

BATHAARA R ET, GERA
f)NaOsOs A& M — 4 4k, H 545 RiEm 7
NaOsOs A& — > #1 B 1) = 4k Slater 46 25 k. Fe ]
O FE 8 25 BLBE o SR BeiE sz, A T8 — A =4
Slater 4824k Cdy0s207, NaOsOs H A5 5 & HL 1 &
IRGE RIS HEAEFY . NaOsOs $2 4L T — AN AR5 i
(7 &, ATk B0 7T =4k Slater 48 4R I PE .

5 4 &5 LiOsO;3

Bl B msdidEEBANY S HE
BB 5 1518 2013 4F, LiOsOs # %2 il
I HE RN T 48 1k ek e i 7 O
LiOsO3 fE T, = 140 K kKA — N5 Az, i@

Tk A O DA R XS 2R AT S SR 5 AT DU X —
ST FES LIS FMMBA R MG, BRE
HUS TR/ X LiOsOs #E4T 778 17791, 4R,
LiOsO3 "8k v 4 i PEAZ 12 IO ML ERATS AR S N B
H1: 1) LiOsOg [ &5 H A28 AL IS 2 A 7 6
FPARAE? 2) &)@ H T IR BE ORORE e
AT 4815 LiOsO5 H 1 F A B 7 75 55 T 5
(140 K) T RefiA e HEF1 2 ) FH 2T JE 35 R0 ~F T
LA AT VASP 8081 FRATTHR 5T T LiOsOs [
S J Bk L ) B AT 2.

11 LiOsOg [&5H R & K
A R3c; Hgtth, WM GRS AE Li, Os f1 O
BT KA AR Li B TS WAL 5 M Ak (5
H 2% 3k [19))

(a) B R3E; (b) &R

Fig. 11. Primitive unit cell of (a) PE and (b) FE
phases of LiOsOs3. The green, blue, and red balls are
the Li, Os, and O ions, respectively. d and —d corre-
spond to the displacements of Li ions along the polar
axis (from Ref. [19]).

LiOsOg [ & i A 45 #4 (1 22 18] B & R3e(H
SCHRZ N AR), a0 & 11 (a) Fr s, LiOsOs fE
T, = 140 KN R A — DL A, 25 18] 45 # 4
A2 B R3c(F AR Z N BRHUAT), X — 25 F A A2
R T Li B 7 AT A B B A A B
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d ~ 0.46 A(B 11 (a) K G F7 k) RL, [ A1 Bl
FEOBTH— AR, BT SChg i fik 345
(a =506 A, ¢c=13.20 A) ] AL T 4k AR

IR 5 AR R, TR B EPUE R A LT
RIPT HATFE AR, R 740 TR A AAAE,
A LR AN SR AT S AR AR AT

F7 e O 1R A R P AhR RSB I [76) ek (51 2% ek [19])

Table 7. Atomic positions (in primitive rhombohedral coordinates) in PE and FE phases. The experimental

results are from Ref. [76] (from Ref. [19]).

JiF Li Os e}
REL R z y z x oy oz x Yy z
i L AH 0.25 0.25 0.25 0 0 O 0.8798  —0.3798 0.25
BRHAE (FIR) 0.2149  0.2149  0.2149 0 0 0 0.8855  —0.3842  0.2557
BRHA (S25) 0.2147  0.2147  0.2147 0 0 0 0.8785  —0.3837  0.2627

HRTE) UBREIE L (GGA) T, FATHHE T
LiOsOg Jiii HAH BA A % B AH B 7 45 4. an & 12 e
71, M R R ANk B A 1 LiOsO5 8RB 4 B AT A,
—9——2.4 eV R X ] 70 [l 1 75 25 B 2 R YA T
O-2p HUERITTER, EAh Os-5d BUE A — /N4
DUk, Li AR E T, B TSR ES AR
KT UL L. 458 E, Os J& A& O FE i 1E )\ i
4, DAL Os () 5d 38 B LAY 6o, F e HLTE. Os Y
5d B 7E S A B WK, A B IR KB d i B 4L,
M H R LLE B Os-tog 32 B4 A 75 9 K TH —2.2—
1.2 eV e IX [A] N, 1] Os-eg $L38 32 Z5) #i 75 oK
3.0 eV E. IEaIE 12 Fros, LiOsO3 i fL A BL K&
BREAH I B SR AR 22 T L, X S ARSIk A R
BaTiOz N, HiE A2 LiOsO5 2542
) = B A

WIHTFTIA, 5d M1 & IR KM H B A,
XF SrolrOy, AslraO7, AOsyO4 25 5d5 HL 1 &
G5 1) R 435 A RIRG J5 A  E f j  (8,9, 1517,
R AT 7 GGA F1GGA+SO Mg,
B 13 Fio, 9K T Os-tog FLIE 145 58 4 L6 1
o, A B e SE RS A SN0 LiOsO5 L4514

GECIRAR /DN, 3X — 85 NaOsOs B AL 018, 78
LiOsO3 1, Os LA +5 M e A2, KA
5d3. A Os-tog FUE MY H 62— NMUIE A, I
I BEPUE RS & 1) — OB, TGN i
WA meeds. KA T 5d° kR, AEHIE
T LiOsO3 1 5 5% 1 L.

H o BEAE — 2 5d i U & 8 A AL W R
& & e HOE B8 110505 i Os—Os
K /N F NaOsOs3 1 Os—Os # K, [ I LiOsO5

B RPEU N /N T NaOsOz 1 LT REL(U ~
1 ev) sl gt Ah, AT I A LiOsOs % K 1
A LA B H Sommerfeld & (v~
6.1 mJ-mol~"K~2) 5 524 bl 13 ) Sommerfeld
AH (v ~ 7.7 mJ-mol LK ~2) {EH AR 4 70 [ FE b
YL 1 LiOsOg H (1) HL 7 ORI AN o,

20 I
(a) Total PE
B! FE
|
10 + |
) M
0 ! ;
0.4 L (b) Li-s |
|
|
- 0.2 - |
>® |
% 0 M S nn J——
E sk (c) Os-5d !
< I
n
o |
A 4 b |
M | ]\\w
0 | |
10 | (d) O-2p :
|
5 |
|
0 L /’/\'lll\}j\ [
—10 —5 0 5

Energy/eV

12 LiOsOg B HLAH (3 th) DA RER AR (0 68) A%
B (a) BIOEEE; (b) Licls BUBMARRE 16 (o)
Os-5d IAE AT, (d) O-2p LEMSEE (JI8Z2*%
SCHR [19])

Fig. 12. (a) The total DOS patterns of LiOsOs3 in PE
(blue) and FE (pink) phases. The partial DOS of (b)
Li-1s, (¢) Os-5d, and (d) O-2p states in PE (blue) and
FE (pink) phases, respectively. The Fermi energy is

positioned as zero (from Ref. [19]).
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Fig. 13. Band structure of LiOsOs, shown along the high-symmetry directions: (a) GGA; (b) GGA+SO

(From Ref. [19]).

40

e |  —8— 0
| [EE——— 1 |
T 20'%355 E 7AfLi+OEEE,
s ] &
< \ ey PE g /
By .
g or FE “®a Eﬂmm a@® FE
£ R ' R ' A
5 : 7 A !
q:) —20 } ' D/D/f/ : \A\ '
LE ol A ' 'y asa
X /A/ X \A\ v/
N : e
! . i . !
—100 —50 0 50 100

Displacements/%

Bl 14 LiOsOg HEHAMH (46), Li & Fhik () L
K O BFALFE (G ta) X RLFI S B 28 (51 B 2% 30k
(190)

Fig. 14. The olive, blue, and red curves represent the
potential-energy changes with respect to O displace-
ments only, Li displacements only, and the coupled
displacements of the Li and O ions. The total en-
ergy and displacements of PE states are set as zero.
The displacements of corresponded FE states are set
as 100% (from Ref. [19]).

N T 5T LiOsOg M S5 M AH AR R A, FRATTHE
Jit e AR 21k AR A A Y A e T, 45 R0 P 14 B
TN, MTTEAS B A B 45 S v DUE Bk s AE AN
JIE EELAH B e B 22 N 44 meV, REE T Lig Ak
{14 FR 55 50 H A ) i B 25 M 27 meV, 2T B DL ) A2
PR AR R FE AR T LIS B
TR, SIEEG b B ) 25 # AH AR IR D 140 K
(~ 12 meV), Tt/ T REABH I BEE, 1358 LiOsO3
Hh ) 45 KRR AR R T AR AR B2 X D T
il B T S8 UL I 2 fr v R A 0 B BELAT O T R
ST T 2 B Li B0 7 B s . iR A

™, Li Bt C & 0w B P B, 2 X B i R
i, TR — A AT, AR J7 18 G ARSI
(B 11 (a) FREETSk); EHRIT,CAR, B Li &
F AR M0 2 [ o A s 25 ~F- 18 A 7 [R] — 7 1+,
HLR AR T 2 K FE G 7, A TE gk A, DAt sk
6 7 A 78 T 5 A UL A 21 75 R R R AL, X —
Wi 4T & K ) Raman S2560 25 R I L.

BER LiOsOg &5 i HHAZ A 7 B M7AE, X
BTN — NI R A . AT RN, &8
T2 Bl E CIER, LiOsOsz BRI H & JE1T A,
SRAT A A AR I A SRR T R A T RS
LiOsO3 71 HL A8 1 7 2 [8) {0 B B9 R 38 (> 3.5 A),
POKTH B2 % BB m (B 12), XA F T
LiOsO3 8 AR AZTE.  BF il 08 7T LG 2 FL
B T A2 A 5 3 4 37 18 B G H AT 2 A7 110 5 i (891,
BRI 9 7 fF 9 H 0 A AN P o 2, FRAT 1907 T
LiOsOg SE75 8] I HLAuf 73 AT . 7E KT —10 eV BLF
() RE 7 1 i B A A AR 1 L PR R 3, AN At 2 ]
(240 TLF- 7] LA ZBE AN T, Jx Sy I () Fe 1 AR R
ZAE S BB M, Li B B AR 0 O Rl 520
O HAL S 2, X BN L=
Totk. 7, R 12 s, Li 8 ALY
20 Os-5d LA A O-2p L7~ ] 15 (a) M1 15 (b) &
7~ TFAH LiOsO3 /1, BEEM —10 eV 2| 9K AES
{140 EEL A P 52 2 TR 43 A WA 9 P o mT DL HE Os
5 OB+ Z BAAEE BRI M 40 A, [RIFESE T
Os-5d 5 O-2p Z [AAF{EAR BRI A4k, Hb Ak, Li B+
JA B LA FAar 20 AT, U6 Li & — M e 1
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Bl15 JRAAH LiOsOs 4310 (a) [110] #kIE B (b)
[210] LTI, ZE754 M\ 0(H ) BLE 0.3 o/A3 (L16); (c)
2k FEL AP IE Fl KD L 5 AR A [1T0] TE L, = AR IR
A& 1, 3M5 5 Li T FE —0.004 (#) B
£ 0.004 /A3 (41t0) (5] HSH Lk [19])

Fig. 15. Partial electron densities contour maps for
PE LiOsOs taken through (a) [110] and (b) [210]
planes, contour levels shown are between 0 (blue) and
0.3 e/A3 (red); (c) charge density difference between
FE and PE structures for Li pair 1, 3, and 5 through
the [110] plane, see text for details, contour levels
shown are between —0.004 (blue) and 0.004 e/A3 (red)
(from Ref. [19]).

wn ERTIR, O T WEFUBR RSO, BATHHR T
i EZE. TSR AR B T Li B TG AR
(4, PRI BA TR Li i 25 P B R — A LA A
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AREE AR TR, AIE 15 () R ESLERTR, 15
FEL R B 0] 2 8] LT s AT, a2 ik
F0 15 I AR AR T R BEOSONAR 5. X — 45
T TR RE A ey 5 AR A T SRS, 1 e T o5 A
R —ME 270 RT3 % 3 x LML, AR
FAH A, #2580 15 A AR AR XS B E A A R AT K
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SEE FELRE RS 3 2 S Bk R AR ) A AR, R
WREE 15 (c) . FTUAE Y, 8230 15 AR 75X
ZJa, Os &1 BRI RN R, XF M) Os B 5 [FFE

T Fs FRAE B - KK Li AR T I/E Xt &
&R BERCINE; 55— 7, O B A [ 1) HL A
A TP AN, IX A Ak U B T Os-5d Al O-2p 2 [H]
I AS 52 L FE A AR (10 52 1) () A5 AR AN 52 e F A
W [EWAEAER. F@r2, ABR AR S
Li HLAE B B ) i fr 55 B2 R AN R, Ui B 1 5
AR -0 2 18] PAB AR AR ELAE L AR B B . X 31
T EAR AR X anvk e, 2 5 AR AR R 2 Al )
AR AE EAE B O BBl 1, T 3 5 FEL B Al Xt
R e A BEw, X ARF AR O B FHEEEAIZ
A (A e 84509 0.65 A )T A AR A 5% 22 1]
A LA F S A 0t 4 I i
B4t A id LiOsO3 H H fif %5 5 AR

TS, R TH SE B 40 LiOsOs5 H BB #E 1 2 [f)
(A BAEF. T Al S b s A 7 2 18] (A LA
M Ji (i =1-6), AKM ESTHR KM, 1H5
JR Ik L FE AR &k AR AFE (B8 4 5 HE A Bl 7
B HEY)) 2 MR E % J; = (Erg — Earr)/2,
SRWMEIHA. SHimESM—%, L5
J3 B, B H AR AR T 2 T A B A e S
IRE. MRS AMERE H, AR 8 A B
1 FAAS B 72 2l bbb 5 R 55 10 38 I 2 ek, L AR
de KT dy, dy Fds, (B2 Jg 1K T Jo, Jy A
Js, [FIRE U0 T RS AR - 2 ()R B AR A ) % T
FEPE. RS EIRAE G W R A B R AR
Ising MG %l H = Z JiDpy Dy b J; 52 HLAR
We T Dy A0 D, 2 IR FLA F, S 5005 9 i
Foa] LA B LiOsOs AR AR IR B AU B 1& Jy i,
FHAR IR BE N 210 K [R5 58 gy A J5, JU0AH AR 35 R
330 K. AT LAZRLEF 5108 FIAs iME (Sea A
N 140 K), HUE 13 2 0T B I TR0 o S 2
R I HAB AR 7 2 T K. 2R b Ui TR
1% 428 LiOsOg H 8k PRI B iR 2 B VA 1.

#8 WEHTZIMOERREEER (3 HBET

ik [19])

Table 8. The distances d; (i = 1-6) and coupling pa-

rameters J; (¢ = 1-6) between ith Li ion pairs (from
Ref. [19]).

AR 1 2 3 4 5 6

P d; /A 366 506 528 625 661  7.32

Ji/meV ~ —42 -0.16 -19 -—-0.17 -0.06 -—0.27
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Abstract

The spin—orbit coupling (SOC) in the 5d transition metal element is expected to be strong due to the large atomic
number and ability to modify the electronic structure drastically. On the other hand, the Coulomb interaction in 5d
transition is non-negligible. Hence, the interplay of electron correlations and strong spin-orbit interactions make the 5d
transition metal oxides (TMOs) specially interesting for possible novel properties. In this paper, we briefly summarize
our theoretical studies on the 5d TMO. In section 2, we systematically discuss pyrochlore iridates. We find that magnetic
moments at Ir sites form a non-colinear pattern with moment on a tetrahedron pointing to all-in or all-out from the
center. We propose that pyrochlore iridates be Weyl Semimetal (WSM), thus providing a condensed-matter realization
of Weyl fermion that obeys a two-component Dirac equation. We find that Weyl points are robust against perturbation
and further reveal that WSM exhibits remarkable topological properties manifested by surface states in the form of
Fermi arcs, which is impossible to realize in purely two-dimensional band structures. In section 3, based on density
functional calculation, we predict that spinel osmates (AOs204, A = Ca,Sr) show a large magnetoelectric coupling
characteristic of axion electrodynamics. They show ferromagnetic order in a reasonable range of the on-site Coulomb
correlation U and exotic electronic properties, in particular, a large magnetoelectric coupling characteristic of axion
electrodynamics. Depending on U, other electronic phases including a 3D WSM and Mott insulator are also shown
to occur. In section 4, we comprehensively discuss the electronic and magnetic properties of Slater insulator NaOsOs,
and successfully predict the magnetic ground state configuration of this compound. Its ground state is of a G-type
antiferromagnet, and it is the combined effect of U and magnetic configuration that results in the insulating behavior of
NaOsO3 We also discuss the novel properties of LiOsOg, and suggest that the highly anisotropic screening and the local
dipole-dipole interactions are the two most important keys to forming LiOsO3z-type metallic ferroelectricity in section 5.
Using density-functional calculations, we systematically study the origin of the metallic ferroelectricity in LiOsO3. We
confirm that the ferroelectric transition in this compound is order-disorder-like. By doing electron screening analysis,
we unambiguously demonstrate that the long-range ferroelectric order in LiOsOg results from the incomplete screening

of the dipole-dipole interaction along the nearest-neighboring Li-Li chain direction.
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