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Outline

Material science ... search for extraordinary phase.
Possibility of unexpected phenomena due to exotic phase.

e Anisotropic superconductivity (previous session).
e Exotic order parameter of electrons ... multipole (this session).

Previous talk by Dr. Mannix
first discovery of octupole order.

e What is multipole in solids ?

e Typical example: unusual behaviors in terms of octupole.
e Theoretical ground for first observation of octupole order.




Various orders in solids

related properties
of electrons
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Extra properties of electrons in solids
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Crystalline electric field (CEF) lifts orbital degeneracy

spherical —> CEF

E-monopole M-dipole
a T S R (charge) (spin)
o = T O basic
Kramers pair
(time reversal) scalar vector
high-symmetry CEF preserves orbital degeneracy
E-quadrupole  M-octupole
extra

2nd-rank 3rd-rank
tensor tensor




Spontaneous order of multipoles

Normal (para) phase Ordered phase

magnetic phase
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Ce,La, B, ... cubic symmetry

B6
Ce ion has 4-fold CEF generacy
4x4 matrix = 1 + 15 independent multipoles
Ceor La
Irreducible rep. under cubic symmetry
4u(1)
= y
T
g 4u(2)
&
M-dipole (J) E-quadrupole (O) M-octupole (T)
o | ¢ magnetic field e uniaxial stress e local magnetic field
- ® neutron e ultrasonic (uUSR, NMR)
ol e NMR (elastic const.) ® resonant X-ray
* uSR e polarized neutron
. Lo ® resonant X-ray




Multiple phases in H-T diagram

Tayama et al. JPS) 66 2268 '97

| Ce,La; ,By x=1
H//[100]

T (K)

|. paramagnetic
Il. antiferro quadrupole (AFQ) RXS by Nakao et al. JPS) 70 1857 '01
lIl. AFQ + dipole Neutron by Effantin et al. IMMM 47&48 145 '85

IV. octupole order ?




Hint for phase IV ... second order phase transition

10

Suzuki et al. JPS) 67 4243 '98
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Hint for phase IV ... broken time-reversal symmetry
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Tayama et al. JPS) 66 2268 '97 Iwasa et al. Physica B 329&333 582 '03
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but, no Bragg peak in phase IV

cf.

uSR, NMR also suggest broken time-reversal symmetry
Takagiwa et al. JPS) 71 31 '02,

Magishi et al. Z. Naturforsch 57a 441 '02




Hint for phase IV ... huge softening & lattice distortion
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Suzuki et al. JPS) 67 4243 '98
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HK and Kuramoto, JPS) 70 1751 '01

Octu pOle mOdel fOr phase [V Kubo and Kuramoto, JPS) 73 216 '04
Order parameters e T
primary  : AF octupole (5u type) o
T(Q) = (Ts, + T§M il V3 phase | phase IV

secondary : Ferro quadrupole (5g type)
bW y
0(0) = (OSg + OSg % Ogg)/ \/5 3rd-order term possible
Free energy (time-reversal even)

b
F = %(T - T)T*(Q) + 7 T*Q)+ 30%0) —eTX(Q)00) | + ...

order parameters susceptibilities

m TX0) = ATy -T) = { 1/2a0(Try = T) (T < Trv)
00) = AT — T) 1/e(T = Try) (T > Ty)
s a = bA/CZCL’ (T o TI\/)
A=aafab-2¢% Xo0)= { i i)
e Broken time-reversal symmetry L |
e |attice distortion along [111]

e Huge softening (finite jump) in elastic const. [x(0)]
e Cusp structure in uniform magnetic susceptibility (due to singlet ground state)




Shape (amplitude) of multipoles (view from z=[111])
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Resonant X-ray Scattering (RXS)
scattered photon T
48; s

Isotropic
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Azimuthal angle dependence for possible multipoles

E200"

E-quadropole, non-rotated channel

E2om

E-quadropole, rotated channel

Scattering amplitude

L sin*(260) cos*(3y)
4-4g 0

* 4-55 (5 —3cos(26))

E2 oo’ E2 on’
T ept0
: 0] ! 26 SIn“(30)
557 (3 + c0s(20)) 0 _ f
3-2u 5 sin°(20)sin*(3yY) (3 cos(260) — 1)? cos® 6 % tan 6 — cos(3y)
ki E 2
3-4u 5 sin°(20)sin*(3y) (3 cos(260) — 1)* cos® 6 %5 tan 6 + cos(3¢)_

l Vs
== (cos 0 + 3 cos(36))? sin°(3y)
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First observation of magnetic octupole order

Fit of experimental data by 5u octupole model
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Symbols:
Mannix et al., PRL 95 117206 '05

Theoretical lines:
HK and Kuramoto, JPS) 74 3139 '05
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Summary

Multipoles

e can be spontaneous order parameter.

e play important roles behind anomalous phenomena.
e are detectable directly by RXS.

e Phase IV in Ce, ,La, ;B is the first example of
spontaneous octupole order.




