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«({j» Introduction

A- Site B- Site

A3+2B4+207

Possible A-site elements
and B site elements

1]

3
H
1 2 1.008 13/ 14/IV_15/V 16/VI_17/Vil | 4.003
3 4 5 6 7 8 3 10
2| Li | Be B € N (0] F Ne
6.941 | 9.012 10.81 14.01 | 16.00 | 19.00 | 20.18
mn 12 13 15 16 17 18
3| Na | Mg Al P S | Cl | Ar
22.99 | 2430 | 3 4 5 7 8 9 10 1112 | 2698 30.97 | 32.07 | 35.45 | 39.95
19 | 20 | 21 26 | 27 | 28 | 29 | 30 | 3 33 | 34 | 35 | 36
o 4| K | Ca| Se Fe |Co | Ni |Cu| Zn | Ga As | Se | Br | Kr
° 39.10 | 40.08 55.85 | 68.93 | 58.69 | 63.55 | 65.39 | 69.72 74.92 | 78.96 | 79.90 | 83.80
= 37 | 38 | 29 4 47 | 48 | 49 51 | 52 | 53 | 54
@ s|Rb | Sr| Y Nb Ag | Cd | In Sh|Te| | | Xe
85.47 | 87.62 | 88, 92.91 107.9 | 112.4 127.6 | 1269 | 131.3
5 | 56 | | 73 | 74 | 75 79 | 80 | 81 83 || 82 | 85 | 86
6| Cs | Ba | |7/ Ta | W | Re Au | Hg | TI Bi | Po | At | Rn
1329 | 137.3 180.9 | 183.8 | 186.2 197.0 | 200.6 L 210.0 | 210,0 | 222.0
87 | 8 | p. | 104 [ 105 [ 106 | 107 | 108 | 109
7| Fr | Ra ir Ung {Unp |{Unh |Uns [Uno {Une}......
223.0 | 226.0
| s block | d block
56 | 59 | 60 | 61 | 62 |
Lanthanides Ce | Pr [ Nd | Pm | Sm
140.1 | 140.9 | 144.2 | 144.9 | 150.4
90 | 91 | 92 | 93 | 94
Actinides Th | Pa | U | Np | Pu
227.0 | 232.0 | 231.0 | 238.0 | 237.0 | 239.1 i
[ fblock - |

Gardner et al. Rev. Mod. Phys., 82, 53-107 (2010)
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o= Introduction

The insulating pyrochlore magnet
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a(=» Introduction

,B*,0;

Non-magnetic ground multiplet Non-magnetic ground doublet

Ising| Heis! Ising XY XY

158.9 | 162.5 | 164.9

M0 - 2.56 (3.62 (3.68 2.83 1.6 3.45|7.949.72 10.6 10.6/ 9.6 | 7.6 |4.5 | -
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Quantum Puzzling Dipolar
Spin-lce ? Spin-Liquid  Spin-lces
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a(=» Introduction

Ising pyrochlore magnets

Only two-states uniaxial spin symmetry compatible with the crystal lattice

= four local <111> anisotropy axes pointing in or out of a tetrahedron

— reverses the role of ferro- / antiferro-magnetic exchanges with regard to frustration:

Bramwell et al. J. Phys. Cond. Mat., 10, L215-220 (1998)
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Interests: FM — spin ices (Ho,Ti,0,, Dy,Ti,0,,...

AFM — puzzling cases complicated by other effects (e.g. Tbh,Ti,0,)
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e

8, =-13 K (no order down to 0.4 K) 9

A rapid tour of Tb,Ti,0,

H. A. Craig, Explorations, page 23 (2009)

Ising antiferromagnet; ep ~-19 K Gardner et al. Phys. Rev. Lett., 82, 1012-1015 (1999)

Spin liquid state (cooperative paramagnet) below =20 K 3

0,0,0)

— power-law spin correlations at very low temperature
Fennell et al. Phys. Rev. Lett., 109, 017201 (2012)

(h,h,0)

— magnetic order induced by pressure, magnetic field, Th,_ Ti,,, O,

Mirebeau et al. Nature, 112, 017203 (2014) Taniguchi et al. Phys. Rev. B, 87,
Mirebeau et al. Phys. Rev. Lett., 93, 187204 (2004)  060408(R) (2013)

— magneto-elastic excitations, anisotropic propagating excitations

Fennell et al. Phys. Rev. Lett., 112, 017203 (2014) Guitteny et al. Phys. Rev. Lett., 111, 087201 (2013)

May 7, 2015 — PSI-IOP Workshop Seite 7



PAUL SCHERRER INSTITUT

d_,‘_: b szHf207

A rapid tour of Tb,Ti,0,

The ‘quantum spin-ice scenario’

|
Ho®* ()=8) —E S
—E_,-E"'"M Spinlce _
B
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A~15K
I den Hertog et al., Phys. Rev. Lett. 84, 3430 (2000)

Molavian et al. Phys. Rev. Lett., 98, 157204 (2007)
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Hafnium pyrochlores
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w10 Th,Hf,0,

Crystal structure
Low Th / Hf contrast for X-rays Th(Z=65) vs. Hf (Z=72)

neutrons b, =7.38fm vs. by =7.7 fm

— Resonant Contrast X-ray Diffraction: f=f+f+if”’

X-ray wavelength in A
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Crystal structure i 0'(12,532,'&“ | 11 %'

joint refinement:

Resonant Contrast Diffraction - """" XYY A n r——

(MSX04SA at SLS)

Intensity (a.u)

+

|||||||||||||||||||||||||

High Resolution Neutron Diffraction ~ { 1.155A
(HRPT at SINQ)

— No cation antisite disorder (‘stuffing’)

with an upper limit of 2.5 % (= Tb,Ti,0,)
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Lhotel et al. Phys. Rev. B, 86, 020410(R) (2012)
Yaouanc et al. Phys. Rev. B, 84, 184403 (2011)
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LJ__: szHf207

asymmetry

Muon spin relaxation

dynamic system down to 0.02 K, temperature dependence of fluctuations:
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Ce®* pyrochlores

Preparation inherently difficult (stabilization ofvs.

£ (V) 4f1 vs. 40
A Sn + % 0, — Sn'O (i)
Ce# A Ce®
Sn”O + 2 Ce|V02 — Cezo3 + Sn|V02 (”)
Sn* “\\BSn2+
J 8n+% 0, +SnV0, + 2 CeVO, — Ce,"'Sn,VO;

Tolla et al. C. R. Acad. Sci. Paris, llc, 139-146 (1999)
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“15=  Ce,Sn,0,

Crystal structure
Well ordered pyrochlore (bg, = 6.23 fm, bCe =4.84 fm, b, = 5.81 fm)

HRPT at SINQ
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— No evidence for structural defects
(antisite 0.5+2.5 %, Frenkel 0.36 +0.16 %)

Sibille et al., arXiv 1502.00662v1 (2015)
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High temperature magnetic susceptibility
— crystal-field effects

245 Thermally isolated (Cryete Feld Hamiton
: y (Crystal Field Hamiltonian)
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Sibille et al., arXiv 1502.00662v1 (2015)
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Low temperature magnetic susceptibility Curie-Weiss:

— sub-Kelvin correlations 0200 Ueg 2 2.8 g o
2 400f
LN ) 300 [
4L Thermally isolated S N A
2.2F  ground state doublet £/
. 20F (m=E12+m;=%52) [ - T oolf |
c’%q) ; _ 0 £ N
O ] 300 400
Ny ] T (K)
= : y
> Curie-Weiss:
_ S AF _ Herr = 1.15 g
correlations 6, =-0.30(8)
01 1 40 100
T (K) vs. D= +0.025 K

Sibille et al., arXiv 1502.00662v1 (2015)
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LJ__: Cezsn207

Low temperature magnetization curves  siike etz anxiv 1502.0066201 (2015

— local Ising anisotropy

e 0.09K
e 05K
e 1K

o 2K

o 42K

Calculations for effective spins with <111>

easy axis and parameterized g-factor:

kT 2 gupHS/KT
(Y /g = 9;311)’25/ x tanh(x) dx
£ 0

Bramwell et al. J. Phys. Cond. Mat., 12, 483-495 (2000)
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Summary Sibille et al., arXiv 1502.00662v1 (2015)
— well-ordered pyrochlore, small effective spins

— small Ising spins (= 1.15 yg)
— but no order down to 0.02 K = 6 /20 (uSR)
— dynamical (uSR) correlated (AF) state below = 0.5 K

< origin of these fluctuations ?...
Interests

— Jis an order of magnitude weaker than D (exchange-based physics)
— a model system for quantum effects on the pyrochlore lattice
(quantum spin liquid, quantum melting of classically predicted order)

— exotic excitations (photons) using neutrons (c.f. talk by T. Fennell)
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