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E Geometrically frustrated Pyrochlores



Il

Classical Ising spins, s, = +/- 1

Exchange interaction, H =J ss;
J <0, ferromagnetic;
J > 0, antiferromagnetic

) Es) )
) Es) )

Geometrical Frustration: what happened?

A\

Not all the terms in H can be minimized
2

But H=J/2(Esl.) +C

i=1

Can be minimized
— ground state degeneracy



Famous Frustrated lattices
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Pyrochlore lattice

vV Vv




Famous examples for 3D

F Xy pyrochlore

Spin glass 2-D
randomly frozen Yb,Ti,0,
Y,Mo,0,

Spin ice

frozen local order

Ho,Ti,0-, DszizO ,

Spin liquid ° hhowm

(Cooperative paramagnet) °  L.J. Chang/S. Onoda et al,, Nat. Commun. 3, 992 (2012)

very dynamic

Tb,Ti, 0, E HyperKagome
Na,Ir;0, ]

Spin slush

partially ordered

Gd,Ti,O J. Phys. Cond. Matter. 16, L321 (2004)
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Spin Chirality A
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transition metal sites /*i V
/ Mo
Nd,Mo,0, Science. 291, 2573 (2001)
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E Quantum spin ice Yb,Ti,O, & Higgs transition
B [ntroduction (spi n ice)
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Zero point entropy:
S/kgN=In2 — (1/2)In(3/2)

Microstates: N spins, N/2 tetrahedra;
Constrains: two-in, two-out;

No. of ground state: 2N(6/16)N?
Entropy: 1/2 In (3/2)



Diffuse neutron scattering for spin ice

l )
L.J. Chang et al., PRB, 82, 172403 (2010). (h.h.0)

Strings as ferromagnetic fluctuations

4

T. Fennell et al. Science 326, 415 (2009)
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Quantum spin ice approach

The Yb** 4f magnetic moment at a site r is described with
the pseudospin-1/2 operator S, = (5%, SY, S?)

my = pp (91(Sixr + Styr) + 9'S:2r )
the g-tensor components gt =418 and ¢! = 1.77
where the z direction 1s taken along the <111> direction

o
Hp="— - -3
B 41 Z (Ar) (Ar)>

My - TN (my - Ar)(Ar - 'm,r)]

(r.r) L

Quantum spin Ice

Spin ice | <+ | Quantum fluctuations

H, = an [S;S;H%
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® Polarized neutron scattering experiments



Yb,Ti,0,

Single crystals were grown from
IR furnace (Y. Yasui, Nagoya
U.)
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‘DNS@FRM-II, Germany
Diffuse Neutron Scattering

* New monochromator:
improved focussing

* New disc chopper:
improvement in the resolution
by factor of 2

Monochromator
shielding

S~
T * New polarizer

Shielding of the secondary
spectrometer

~——* 12 new polarization analyzers

) new position sensitive detectors:
1. Double-foctsing PG(002) monochromator N
2. Beamshutter rge solid angle: 0.28 sr — 1.9 sr

J0x pixel power

6. Sample position
7. Detector banks with polarization analyzers
8. Detector banks with position-sensitive 3He tubes

e

Polarized neutron beams

Spin-flip
channel &~ T e

[1,-1,01//Z
[0,0,1]

Non-Spin-flip
channel < [1.1,0]



Rod structure along [111]:
2 D correlations on kagome plane
above transition temperature
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Diffuse neutron scattering with polarization analysis

Calculated by RPA (@) =2 >
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L. J. Chang/ S. Onoda et al., Nat. Commun. 3, 992 (2012)
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with Z = (1,—1,0)/+/2 for the NSF channel and  fg.:; = 107 [Q x (guei x Q)]
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Coupling constants we obtained: (/;9,¢, K) = (0.68 K, -0.8,0.2, —1.0)

Similar to the results from neutron inelastic scattering in fields

E(meV)
NO -

E(meV)

E(meV)

E(meV)

05 005115 -2 -1 0 1 2 0 1 2
HHH (r.l.u.) 1L (r.I.u.) 22L (r.l.u.) HHO (rlu)  HH1 (rlu.)

FIG. 1. The measured S(Q, @) at T = 30 mK, sliced along various directions in the HHL plane, for both H = 5 T (first row) and
H = 2 T (third row). The second and fourth rows show the calculated spectrum for these two field strengths, based on an anisotropic
exchange model with five free parameters (see text) that were extracted by fitting to the 5 T data set. For a realistic comparison to the
data, the calculated S(Q, w) is convoluted with a Gaussian of full-width 0.09 meV. Both the 2 T and 5 T data sets, composed of spin
wave dispersions along five different directions, are described extremely well by the same parameters. (Note that r.l.u. stands for
reciprocal lattice units.)

K. A.Ross et al, PRX 1, 021002 (2011)



Z-TOTAL cross-section cut on rod
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Peak (111) intensities
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Ground-state pseudospins and
magnetic moments

(a) Pseudospins (b) Magnetic moments

Tilting of (100) collinear
magnetic moments by 1.4°

RIKZN

moment amplitude 1.3up

Phase diagram

Magnetic Coulomb liquid

(HO/DY)zTi207

Monopole condensates v
0

L. J. Chang/ S. Onoda et al., Nat. Commun. 3, 992 (2012)



Low Temperature Magnetization of Yb,T1,0, powder
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Summary
Yb,T1,0,, a quantum spin 1ce, first CEF ~ 620 K

Pinch points

Ferromagnetic order at ~ 0.21 K for crystal: neutron
depolarization, hysteresis.

Quantum critical points: magnetic Coulomb phase to Higgs
phase, or quantum spin liquid phase etc.???

Future plans:

Quantum excitations: 3D spinon excitations, Higgs-boson

Search for quantum phase transitions: by mean of pressure or
substitutions

Other pyrochlores



Future plans for other pyrochlores

Magnetic pyrochlore oxides A,B,0,

B Ll G? L1l LL 1Pd(6?Pt(6)| L Sln!,,!'_(l)) I-Ilerle sl N
"o__u Rh Rl! | |.|'95 Mo Sing momen
o’o-:-—ﬂ N . » o b oo s ‘L
A 1203 1 A
—La b pe 3
? uz—'_t k ’_‘—‘. - .
g ™ Nd *9oe ° Nd
R e e L S OS2 S - 999 9| Sm
= "o Gd Y 9 _ Gd
S ey Dvn’m‘ : l ‘ %}}3 3 i" Evm ~10u;
.2 . . r
2 L . ! ' ' ' Yb rm
ot 096~ ~
0”—_5‘ . . N B
si Mn Ge Cr v Bn % Pd Ry Pt Ir Os Te Mo 9..[; ob
080 | P wil | Y . | L | | |
| R | | | | | I | | 1 | |
040 052 054 056 058 060 06 062 063 064 065 068 072 076 080
B Fgs (4) [V told coord] Subramanian

Modified by: S. Onoda



Sample dependent

T T . T

30000/ . / -
20000] ' P2 20 S S

10000-

Intensity (arb.units)

0 10 20 30 40 50 60
26 (deq.)

J. A. Hodges et al., PRL 88 077204 (2002)

No magnetic peaks

CW temperature ~ 0.6 K

ISt order transition ~ 210 mK
LRO?
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Fig. 3. Profiles of the w-scans for 004 and 222 reflections taken at 0.03K
and 0.30 K. Solid and Broken lines are guides for the eye.

Y. Yasui et al., JPSJ 72 3014 (2003)
ferromagnetic
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FIG. 3. Spin-flip (open circles) and non-spin-flip (closed circles)
scattering at the (111) Bragg position. Above 240 mK there 1s only
a small amount feed through due to incomplete polarization. At
90 mK. a peak is clearly seen in the spin-flip data.

J. S. Gardner et al., PRB 70 180404(R) (2004)
No neutron depolarization



Samble denendent
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Comments on the NMR results

We had carried out MuSR experiments on powder sample, long-
ranged order crystal, and a crystal without HC peak.

- Emergence of static (<1 MHz) internal magnetic moments
observed for powder and long-ranged order crystal.

- Temperature vs relaxation rate of the crystal without HC peak
is close to that reported in the D. M. D’Ortenzio paper. =2
magnetic interaction 1s weaker in this sample (small fraction of

the crystal contributed to magnetic order)



Sample dependent
EXAFS g

Yb M, and M.-edge

=
b=}
2
©
= _Yb203
Yb Ls-edge é —crystal A (cleaved)
=] —— crystal B (cleaved)
/‘\ /\ ij\ ,\\ A 2 —— crystal C (cleaved)
A A h\ <
crystal A . V v v u V 3
crystal B E
crystal C s
4 6 8 10 1 L 1 I
- k (A'l) 1500 1530 1560 1590 1620
o z Photon Energy (eV)
X |s
— | €
w |s 2| TiL-edge crystal A (cleaved)
w— |5 < g crystal B (cleaved)
© |8 a crystal C (cleaved)
O |3 5
-O < c
=2 |3 2
‘- N o
c ® o
8) £ 8930 8940 8950 8960 8970 2
<
2 2 Photon Energy (eV) 3
N
2
E
o
=z
450 455 460 465 470 475
Photon Energy (eV)
O L-edge crystal A (cleaved)
1 — crystal B (cleaved)
0 1 2 3 4 5 crystal C (cleaved)

Radial Distance (A)
L. J. Chang/ S. Onoda et al., Nat. Commun 3, 992 (2012).

Normalized Absorption (arb. unit)
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