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Fig. 1 (Color online) (a) Pyrochlore lattice made of the A or B
atoms. When four spins arranged in a tetrahedron with an
antiferromagnetic interaction between spins, it is not possible
to arrange all the spins with antiparallel. (b) Crystal struc-
ture of A,B,0; (A,B,040").
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Fig. 2 Definitions of the axes used in the field of x-ray diffraction. &;
and k; are the unit vectors in the directions of the propaga-
tions of incident and scattered waves, respectively, and 26 is
the scattering angle. &,(£,) and &,(&,) are unit vectors
representing the components of the polarization perpendicu-
lar and parallel to the diffraction plane for the incident (scat-
tered) beam, respectively. The #;’s define a basis for the
magnetic moments.
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Fig. 3 (Color online) Spectra of the intensity of the 006 reflection
in the -6’ channel at 10 K and X-ray absorption near the Os

L3-edge at room temperature. Excerpt from Ref. 15.
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Fig. 4 (Color online) (a) The polarization dependence of the 006
reflection detected by scanning the analyzer angle 6, at Os
L3-edge. (b) The temperature dependence of the 006 mag-
netic reflection in the 7-¢” channel. Excerpt from Ref. 15.
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Fig. 5 (Color online) (a) Spin arrangements on a regular Os tetra-
hedron for basis functions (¥;) and irreducible representa-

tions (73).
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Table | Observed or unobserved conditions for the irreducible representations (IR) and the basis functions in the 7-¢” channel (experimental-
ly observed) and in the n-n" channel (unobserved). Ferromagnetic basis functions ¥;, ¥, and ¥, are omitted
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Fig. 6 (Color online) Time-reversal breaking and resultant
bistability in the all-in/all-out magnetic structure. The
pyrochlore lattice is a corner-linked network of regular tetra-
hedra. The tetrahedron A cannot be superimposed on the
tetrahedron B. In (a), all the moments on tetrahedra A point
inwards, while in (b) outwards. The arrangements of
magnetic moments in (a) and (b) can be regarded as a
macroscopic magnetic octupole, as shown in (¢) and (d),
respectively.
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Fig. 7 (a) Nonlinear magnetization and (b) linear mag-

netocapacitance, linear magnetostriction, linear magneto-
birefringence predicted for the all-in/all-out magnetic or-
dered phase. Solid and dotted lines denote the responses for
the two kinds of magnetic variants.
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Fig. 8 (Color online) Changes in the directions of the ‘all-out’ magnetic moments on a tetrahedron. A magnetic field is
applied in the (a) [001], (b) [111], and (c) [-1 —=1 —1] direction. The six bonds are not equivalent any more, in-
ducing several unique physical responses. Excerpt from Ref. 21.
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Fig. 9 (Color online) (a) A {111} surface of the pyrochlore lattice
with the all-in/all-out magnetic order. (b) Directions of sur-
face magnetization in a crystal of a regular octahedral shape
with a single-domain state of the all-in/all-out magnetic
phase. Surface magnetization normal to each {111} surface
is indicated by arrows. Excerpt from Ref. 21.

KIN—TBERDOFAE LI IND, F/o, NV FEEIC
FoTiE, BETREINVFFx v IROENTRIGE
JERENE A ARER A BB, E/o, ZHEEHOF AL VEIR
THHEEOWEICOWTIHESIT EA EHEA TV,
WENICH X, EFRICE, Cdy0s,07 XS O
LTV EFF o v THRHVWCEDICRZHDT, B
B OB ATELE CTH 5 & Aint HERECHWEEDN
i3, NV EFr v TORER VY &R Ll fEtkiE 5
ICh b, GHOMFDERPKELEL ATH 5,

5. 8HYIC

5d B & BB N1 1y o7 B Cdy0s,07 12D
W, X BEFEACTIREE— 72 L, %
BEDOEZ D LEIHEE A IRE L 72e TNUE, TED 5d
RICB T HEBEMOERICEL > THL263NHDTH
bo SEIFEMA RN/ o 72, B —HR RSB ORIR
IOoWTiE, AV VEUEMHEFRICERT S 111
N®—ﬁiﬁﬁkiofthﬂﬂmXﬁvmﬂﬂ%ﬁk
SN, ZORFNVEF v v TR EHERET S E0D
VHEUABERIAEPORESNTWAR, Thid, &
BOBRER, NV RRHO o/ BER e L TEME
v TRV THg ML 5 AV — 2 =R T3 7a<, NVUER
RN EEIE Y [ ABY bt SL 0 ik = 37X | o RO A R |
THHIERERL TW5b, £z, BOAYVHLEHEEE
FAOFAETIEFICEET, AL D —hR e L
TSAM V=Y a VERBET LI LICE ST, BEEEY
BILIZSWIRTDT7 S A V— T LETEVERRE
HRHELCW5, SEFEALICLDOUIMI L, SEOHEE
BAHERPETHTHD, KEREDPOVEWPEHEL T 5

S

COMIER, £ DT 2 LOHKRIMELEL THEHEL
HDOTT, BAREDIT 2 I OFHwE D TR IEMHHKL &
9o IR X RASRBGELER Tk, BRI R TR
e v—7 GHEEIZIV—T5 4 L7 Z—) AUk
FFitges — AOKBERR, riREK, ETAK, &
O, EHEEXHFE X — OB AR ARITE D aY
K=t aWiciZEE L, £/, KBEPHLK, EHE
K, BREINFGR, FHINETRK, WR—EK, 81K,
BIEMEIR, FHEZK, P RMK, MEAEKHICER
BAT, FEROMHUCIWTEIERC AR £ Lz, AFED
BURI, BREFRES, B LU, GTREE TRk
g7y e b BHEREIEEALD ] OB " Zi TE 5
N2 DT,

ZEM

1) A. W. Sleight, J. L. Gilison, J. F. Weiher and W. Bindloss:
Solid State Commun. 14, 357 (1974).

2) D. Mandrus, J. R. Thompson, R. Gaal, L. Forro, J. C. Bryan,
B. C. Chakoumakos, L. M. Woods, B. C. Sales, R. S.
Fishman and V. Keppens: Phys. Rev. B63, 195104 (2001).

3) B.]J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H.
Takagi and T. Arima: Science 323, 1329 (2009).

4) J.Reading and M. T. Weller: J. Mat. Chem. 11, 2373 (2001).

5) P. M. Platzman and N. Tzoar: Phys. Rev. B2, 3556 (1970).

6) D. Gibbs, D. R. Harshman, E. D. Isaacs, D. B. McWhan, D.
Mills and C. Vettier: Phys. Rev. Lett. 61, 1241 (1988).

7) B.J.Kim, H. Jin, S. J. Moon, J.-Y. Kim, B.-G. Park, C. S.
Leem, J. Yu, T. W. Noh, C. Kim, S.-J. Oh, J.-H. Park, V.
Durairaj, G. Cao and E. Rotenberg: Phys. Rev. Lett. 101,
076402 (2008).

8) J. W.Kim, Y. Choi, Jungho Kim, J. F. Mitchell, G. Jackeli,
M. Daghofer, J. van den Brink, G. Khaliullin and B. J. Kim:
Phys. Rev. Lett. 109, 037204 (2012).

9) K. Ohgushi, J. Yamaura, H. Ohsumi, K. Sugimoto, S.
Takeshita, A. Tokuda, H. Takagi, M. Takata and T. Arima:
Phys. Rev. Lett. 110, 217212 (2013).

10) H. Sagayama, D. Uematsu, T. Arima, K. Sugimoto, J. J.
Ishikawa, E. O’Farrell and S. Nakatsuji: Phys. Rev. B87,
100403 (2013).

11) S. Fujiyama, H. Ohsumi, T. Komesu, J. Matsuno, B. J. Kim,
M. Takata, T. Arima and H. Takagi: Phys. Rev. Lett. 108,
247212 (2012).

12) J. W. Kim, Y. Choi, Jungho Kim, ]J. F. Mitchell, G. Jackeli,
M. Daghofer, J. van den Brink, G. Khaliullin and B. J. Kim:
Phys. Rev. Lett. 109, 037204 (2012).

13) M. Blume and D. Gibbs: Phys. Rev. B37, 1779 (1988).

14) J. P. Hannon, G. T. Trammell, M. Blume and D. Gibbs:
Phys. Rev. Lett. 61, 1245 (1988).

15) J. Yamaura, K. Ohgushi, H. Ohsumi, T. Hasegawa, I.
Yamauchi, K. Sugimoto, S. Takeshita, A. Tokuda, M. Taka-
ta, M. Udagawa, M. Takigawa, H. Harima, T. Arima and Z.
Hiroi: Phys. Rev. Lett. 108, 247205 (2012).

16) D. H. Templeton and L. K. Templeton: Acta Crystallogr.
A36, 237 (1980).

17) V. E. Dmitrienko: Acta Crystallogr. A39, 29 (1983).

18) A.S. Wills, M. E. Zhitomirsky, B. Canals, J. P. Sanchez, P.
Bonville, P. Dalmas de Réotier and A. Yaouanc: J. Phys. Con-
dens Matter 18, L37 (2006).

gt Sept. 2013 Vol.26 No .5 289



19) 1. Yamauchi, M. Takigawa, J. Yamaura and Z Hiroi: in

preparation.

20) K. Tomiyasu, K. Matsuhira, K. Iwasa, M. Watahiki, S.
Takagi, M. Wakeshima, Y. Hinatsu, M. Yokoyama, K.
Ohoyama and K. Yamada: J. Phys. Soc. Jpn. 81, 034709

WiHE—

RRIEKRY « TRYUMEHEL Y — < 5
EHEHZ

E-mail: jyamaura@Ilucid.msl.titech.ac.jp
HFY : EaEE, EEER

[B%EE]

19974F B T3R5 B T2 7o B 31
BET, Bt (B, 1997FRFAKREY
PEWFERTEh#L, 201248 & V) B,

T. Arima: J. Phys. Soc. Jpn. 82, 013705 (2013).
Shinaoka, T. Miyake and Shoji Ishibashi: Phys. Rev. Lelt.
108, 247204 (2012).

BEEN

BRIRKY « FRBAINRFEIE R - HiR
E-mail: arima@k.u-tokyo.ac.jp

5 HERS

(R EE]

19884F H pt K K be L R sefHE+
PRET, 1994448+ (Ber), WLHA
SthE s FIRIERT, HR KT,
WK LA R ERI T, SR WE
TR, BALKRY % e E R Ao
T2 # & T, 2011464 A Xk v B,
20074 4 7 & D BALEDFIERTHES
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Abstract

bd-transition metal pyrochlore oxide Cd,0s,0; shows a metal-insulator transition at 227 K with
magnetic ordering. The pyrochlore lattice is composed of the corner-shared tetrahedral Os
network, in which the Os atoms have functions as the electric conduction and/or the magnetic
moment. Since a geometrical frustration between localized spins prevents a long-range magnetic
ordering, a peculiar magnetic structure is expected in the ordered state. We observed a commen-
surate magnetic peak of g= (0, 0, 0) by resonant x-ray scattering in a high-quality single crystal.
We propose a noncollinear all-in/all-out spin arrangement on the pyrochlore lattice of Os atoms, in
which all the spins point to (all-in) or away (all-out) from the centers of the tetrahedron. The mag-
netostriction, magnetocapacitance, Voigt magnetooptic effect, and magnetic susceptibility are
expected to have a term linear to the external magnetic field.
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