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Method:

Muon Spin Rotation (LSR)

a) Muons are produced with 100% spin
polarizaion and transported by a beamline for
implantention to sample.

b) The implanted muons stop between
atoms, where they start Larmor
precession according to the local
magnetic fields.

c) Muons emit positrons to the direction when their
spins were pointing upon decay, which are
detected by scintillation counters.

—The signal of scintillation counters oscillates
periodically due to the Larmor precession of
muons.




Method:

Muon Spin Rotation (uLSR)

...How muons probe magnetic state of matter?

Diamagnetic

Paramagnetic

Magnetic Order
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Method: Muon Spin Rotation (uLSR)

...Unique time window for the spin dynamics
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Issue:

Geometrical Correlation of Itinerant Electrons

What would happen when frustration acts on metallic conduction?

Antiferroic correlation

Stage of itinerancy = (Local picture)

highly symmetric crystal
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Frustration
(=Large scale degeneracy)

Pyrochlore lattice

(Spinel) ...so far extensively studied on local
spin/charge systems.




Muon Spin Rotation (uSR):

...One of the most sensitive probes for frustration

Electronic state of...
Normal metal g Poor metal

...only reflecting Geometrical Correlation
crystal symmetry ...Inhomogeneous spin/charge flow
(Single electron)

[110]

Xoio]

— ¥ —N )
‘X/ — . \l' . -
—\/ s ANy
_/>_ j—»/: | X
ANEPAN AVr\Y
uSR uSR




Example:

“Heavy Fermion”

YMn,(‘89), [ LiV,0,(‘97)]
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State 1n Metallic Spinels
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L1V,0,: What 1s the origin of the HF-like behavior?
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.. Local moments develop below 7!

Fourier Amplitude
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Analysis: Fits in time domain by
G, (=A™ Z fiexp(iwt)exp(-A)
A, : instrumental asymmetry
e~ : initial phase
/;: fractional yield of 1-th component
w; : precession frequency
A, : relaxation rate

..three components (i=1-3) are
enough to reproduce data.
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L1V,0,: Local inhomogeneity probed by pu* Knight shift

K-y plot:
The Knight shift vs bulk susceptibility ¢f- Typical example of HF metal:
...must be linear in normal metals. CeRu,S1, (Tx~10-20 K)
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L1V,0,: Spin fluctuation probed by LF-uSR

Spin-lattice relaxation: response to a longitudinal field (LF)
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L1V,0,: The ground state suggested from pSR

Two kinds of signals in uSR ...A snap shot

suggests development of / /O O Li, Zn

(a) weakly magnetic (~or non- Y O aJ o0
magnetic) state, and O O O V¥
(b) inhomogeneous paramag- ov @ v+
netic state fluctuating over a

frequency range of v~10°- 109/s._.—

 —

v < knoT*~ 1011/s
” 07@51\

...not like Kondo fluctuaion

One possibility: _ O O
quasi-1D chain correlations y '
for V3* (S=1, Haldane?) and _
V# (S=1/2, Heisenberg) ions, O‘ e O  Andeson’s Rule:
[...a model suggested by Fuldle =~ Muon Site: Each tetrahedron is

etal., ‘01] ...Center of O-octahedron, with occupied by two
nn V ions forming a hexagon ring. V3+ and V4 ions




L1V,0,: Inelastic Neutron Scattering (7<7™)

Antiferromagnetic correlation vs single-site fluctuation (SSF)

SSF...due to the Kondo coupling to conduction electrons

HF-system
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LiV,O

Energy Transfer (meV)

4. Inelastic Neutron Scattering (7>7%)

Paramagnetic response: observation of two components
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L1V,0,: A New Class of Metal?

Implications from other experiments: Effect of Pressure

HF system: LiV,0,: P-induced MI transition and reduction of
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Geometrical correlation: Other pyrochlore examples

Problem for 4,B8,05: Structural and associated MI transition

Q: How to preserve cubic symmetry?
A: Let the 1,, band half-filled (no orbital degeneracy).

€q Ru’* (4d%) S=3/2
A
r = , Hg,Ru,O, (MIT)
| 28 Cd,Ru,0, (CDW?)
9 Ion Radius
1, halt-filled Ca,Ru,0, (Metal?) S

Structural phase Os5+ (5 d3) 9=3/2 Cd?*" < Ca?"< Hg?"
transition is
suppressed by the lack Cd,0s,0, (MIT)
of OD. Hg,0s,0, (Metal)

...It seems not trivial to obtain high quality specimens
(some of them requires high pressure for synthesis).



Geometrical correlation: Other pyrochlore examples

Hg,0s,0, Hg,Ru,0,

GE Hg2Ru207 . ‘ I '
304 : 4k g 8
- — k. a 4 \
£ 2t bl
g . S 0.1 \ o \ :
g Metallic R : T’ SR e
p-T ] 1 MIT 00 10 108 112
g : 2 s
T 0.01 | © cooling ¥
20 88K P- o - heating _
: I S 0 100 200 300
104 s z‘oo e ‘W'. 350 T Y 0 50 100 150 200 250 300 Temperature (K)

Temperature / K

A.Kodaetal.,’07 A.Kodaetal, ‘06

0.2 T i , , 0.25
Cd,0s,0; ZF/LF-uSR Hg,0s,0, ZFuSR
2 T=19K LF=100 mT ? 0.20
(] N
£ O!ng000000000000000000000ﬁgogg - 0.2p : %
E i ; LR B LI 100k £
g g 591 _ S| £ 015
2 01 E v S nmiathn Hhooyl ryo z
B < 018 T g T e 80K 3
el A (o1 Pr & -

o o I 1 g 0.10
- 0 = 1 | E
E § ot 3 %H&&}@é } i Tty eoK S
5 ; %{ﬁ{%§ ﬁ 0.05
© 0 b 5t %ﬂ }% %241K

S R 0 1 2 3 0 ‘ 2 4 00 X
M Time (us) Time (us) Time (us)

10 L j: é ' é I ' I c T T T T T
I S S S ] S 10 .
e w1 R
N kY N ~N —
I ‘3 TRIUMF L ] = L i
=3 2} ’ 3 N | 2 08 l
L : ~ 1
g 4 % é g f \ 1 3 o6l . .
3 T o 0.5 \ g Z 1
E | MI g | - 3 !
I : 1] L | ] e 04r I b
i w | Hg,0s,0;, | ] § I+
L I . = 0.2r I .
@©
: Ob— e s s 3 I
0 100 200 300 0 50 100 F 0.0k . 1°woce 000
Temperature (K) Temperature (K) 0 50 100 150 200

Temperature (K)



Geometrical correlation: Other pyrochlore examples

“Metal’ness vs Frustration
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Geometrical correlation: Other pyrochlore examples

Other exotic ground states:

Fractional Charge State Chiral metal
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Distribute charges according to the Anderson’s Haiamsrviae “Hyper-Kagome™
rule....then put one electron into the lattice: ..If one can get it carrier-doped, and
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Summary

*Geometrically antiferroic correlation (GAC)

between electrons conducting on highly Our Goal:
symmetric orbits Il’llght give rise to new class ...to pin down the characteristic scales of
of metallic state, where the HF behavior in time/length with unprecedented precision.
cubic spinels/pyrochlores might be one such A

*Both uSR, neutron scattering, and SR
should work together to elucidate the

Neutron/SR

|
. . 4
manifestation. 10T Now
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Correlation length (nm)

microscopic details of the new metallic o G%al
ground state observed in cubic
spinels/pyrochlores. 104
1| € — | SR
*Now it seems that time 1s mature to launch 10 10° 1070 10 10712

an in-depth studies of GAC in combination Correlation time (s)
with a systematic and large-scale search for
new candidates for “frustrated metals™.
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