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1.1  TC  TC 0.9  TC

 Ferromagnet Antiferromagnet

H = 2J Σij Si · Sj
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Geometric Frustration in 2D

prefer ↑↓ alignment, 
but choice of 3rd spin direction is unclear
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Geometric Frustration in 2D

prefer ↑↓ alignment, 
but choice of 3rd spin direction is unclear
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Geometric Frustration in 2D

Can SOMETIMES lower energy by making a compromise

<
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Geometrical Frustration:  
Antiferromagnetism + Triangles and Tetrahedra 

2D Triangular Lattice:  G.H. Wannier    Phys. Rev. 79, 357, 1950. 2D Triangular Lattice:  G.H. Wannier    Phys. Rev. 79, 357, 1950. 

? 

? ? 
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Entropy at T=0 is finite ~ 0.34 R 

No LRO at any temperature 

Ground State of the Ising AF on a 
Triangular  Lattice 
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Geometrical Frustration

?
J

J

J

✤ Non-frustrated quantum magnets order in 2D and 3D

Triangular Kagome

Frustrated Lattices in 2D
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Geometrical Frustration 

✤ Non-frustrated quantum magnets order in 2D and 3D

?
J

J

J

Pyrochlore Hyper-kagome

Frustrated Lattices in 3D
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-!CW !CW 

"-1 

Temperature 

Spin Liquid  Paramagnet  

Non-generic! 
eg: Noncollinear AF  
       Spin glass  

Mean Field Theory predicts a phase transition near T=| !CW | , 
but materials remains disordered to much lower temperatures – Spin Liquid 

Geometrical Frustration: 
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Routes to Exotica

Quantum Fluctuations:
S=1/2    H Transverse

Geometrical 
Frustration

Low Dimensional 
Structures
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235U + n  


daughter nuclei + 
2-3 n + gammas

 neutrons:

no charge
s=1/2  

massive: mc2~1 GeV
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Development of Neutron Science Facilities 

Wednesday, May 5, 2010



Bragg’s Law: n! = 2d sin(") 
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T > Tc

T < Tc

Ferro Antiferro
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Neutrons have mass  
so higher energy means faster – lower energy means slower 

We can measure a neutron’s energy, wavelength by measuring its speed 

v (km/sec) = 3.96 / ! (A) 

•  4 A neutrons move at ~ 1 km/sec 
•  DCS: 4 m from sample to detector 
•  It takes 4 msec for elastically  
   scattered 4 A neutrons to travel 4 m 

•   msec timing of neutrons is easy 
•   " E / E ~ 1-3 % - very good ! 
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Motivation for Singlet Basis

H = J

�

<i,j>

�Si · �Sj

�Si · �Sj = SziSzj + SxiSxj + SyiSyj

�↑i↓j | SziSzj |↑i↓j� = −1
4

�↑i↓j | SxiSxj |↑i↓j� = 0

[ ]

Neel type state for 2 spins: Entangled (singlet) state:

�↑i↓j | SyiSyj |↑i↓j� = 0 (�↑i↓j | −�↓i↑j |)SyiSyj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)SxiSxj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)SziSzj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)H(|↑i↓j�− |↓i↑j�) = −3
4
J�↑i↓j | H |↑i↓j� = −1

4
J
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Symmetry in the Ground State

Neel State
Broken Spin 
Rotational 
Symmetry

Valence Bond 
Crystal

Broken 
Translational 

(Lattice) Symmetry

Spin Liquid (RVB)
Spin and Lattice 

Symmetry 
Preserved
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Possible Ground State: 
Only Nearest Neighbour Bonds

+ ...=

“Short Range RVB”

| ΨsRVB �
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Possible Ground State: 
All Bond Lengths

+ ...=

“Long Range RVB”

| ΨlRVB �
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Spin Excitations: Spinons in 
sRVB

in sRVB state, creating 2 spinons costs ΔE = +J, but then the 
spinons are free to move around by reorganizing singlets

Wednesday, May 5, 2010



Spin Excitations: Spinons in 
sRVB

in sRVB state, creating 2 spinons costs ΔE = +J, but then the 
spinons are free to move around by reorganizing singlets

Wednesday, May 5, 2010



Spin Excitations: Spinons in 
sRVB

in sRVB state, creating 2 spinons costs ΔE = +J, but then the 
spinons are free to move around by reorganizing singlets

Wednesday, May 5, 2010



Spin Excitations: Spinons in 
sRVB

in sRVB state, creating 2 spinons costs ΔE = +J, but then the 
spinons are free to move around by reorganizing singlets

Wednesday, May 5, 2010



Spin Excitations: Spinons in 
sRVB

in sRVB state, creating 2 spinons costs ΔE = +J, but then the 
spinons are free to move around by reorganizing singlets

NOTES: 
1) Spinons are deconfined, but there is a  “spin gap” (ΔE = +J)
2) Charges are not mobile, only spins - it is like half an electron
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J’/J = xcrit ~ 0.69 Σ( )|     >         |     > 
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growth as that used in the present study, and through ESR
measurements [21,22].

In this Letter, we report new high-resolution inelastic
neutron scattering measurements, which probe both the
energy and Q dependencies of these previously identified
bands of excitations with new precision. Measurements
were performed on two different high-resolution cold
neutron instruments, allowing both high energy resolu-
tion to resolve the three n ! 1 triplet excitations in
SrCu2"BO3#2, and high Q resolution to discern different
Q dependencies among the n-triplet excitations, where
n ! 1; 2; 3.

The present single crystal of SrCu2"11BO3#2 was grown
from a self-flux by floating zone image furnace tech-
niques in an O2 atmosphere. It is cylindrical in shape,
with approximate dimensions of 0.6 cm in diameter by
10 cm long. Small pieces of the crystal were used for bulk
characterization, and the characteristic falloff of the dc
susceptibility near 10 K, as well as well-defined plateaus
in magnetization versus applied magnetic field at high
field, was observed [20]. Neutron diffraction measure-
ments, enabled by the use of a 11B isotope, revealed a
high quality single crystal throughout the volume of the
sample with a mosaic spread of less than 0.2 deg.

The crystal was mounted in a pumped 4He cryostat
with the long cylindrical axis vertical, placing the
"H; 0; L# plane of the crystal coincident with the horizon-

tal scattering plane. Neutron scattering measurements
were performed using the Disk Chopper Spectrometer
(DCS) and the SPINS triple axis spectrometer, both lo-
cated on cold neutron guides at the NIST Center for
Neutron Research.

The DCS uses choppers to create pulses of monochro-
matic neutrons whose energy transfers on scattering are
determined from their arrival times in the instrument’s
913 detectors located at scattering angles from $30 to
140 deg. Using 5.1 meV incident neutrons, the energy
resolution was 0.09 meV. The SPINS triple axis spec-
trometer was operated using seven pyrolytic graphite
analyzer blades accepting 7 deg in scattering angle, and
neutrons of 5 meV, fixed scattered energy. A cooled Be
filter was placed in the scattered beam to remove con-
tamination of higher order neutrons, and the resulting
energy resolution was %0:5 meV.

A program of constant-Q measurements across the
"H; 0; L# plane of SrCu2"BO3#2 at 1.4 K was carried out
covering energies from 1 to 8 meV. A compendium of such
scans with intervals of !H ! 0:2 is shown in the color
contour map in Fig. 1 (top panel), which displays data
within the "h!, H plane at L ! 0. Representative scans
making up this map are shown in Fig. 1 (bottom panel).
One clearly identifies both the n ! 1 triplet excitation
near "h! ! 3:0 meV and the n ! 2 triplet excitation,
whose spectral weight is maximum near "h!% 4:9 meV.
One also sees a continuous component to the n ! 2 triplet
excitation, which extends to the highest energies col-
lected in this set of measurements, 8 meV.

These measurements are qualitatively similar to those
first reported by Kageyama et al. [17], within the "H;K; 0#
plane of SrCu2"BO3#2 and with lower energy resolution;
however, there are important differences. For example, as
can be seen in Fig. 1, we observe no substantial dispersion
of the maximum of the spectral weight of the n ! 2
triplet excitation in contrast to a bandwidth of 1.5 meV
reported in these earlier measurements [17]. Also, as we
discuss next, the Q dependence of these excitations is
different from that reported by Kageyama et al. [17].

Figure 2 shows the results of constant energy scans per-
formed at "h! ! 3, 4.8, and 9 meV, corresponding to the n-
triplet excitations with n!1;2;3, respectively. These
measurements show most of the weight of the n ! 1
excitation at 3 meV to peak up at half integer values of
H, that is, at H ! 1:5 and 2.5, in maps of this scattering
within the "H; 0; L# plane, and at integer values of H ! 2
for the n ! 2 excitation at 4.8 meV and for the n ! 3
excitation at 9 meV. These results indicate distinct form
factors for the n-triplet excitations, with the n ! 1 triplet
being different from the multitriplet excitations. Knetter
and Uhrig [23] have recently calculated the n ! 2 triplet
contribution to the dynamic structure factor within the
"H;K; 0# plane of SrCu2"BO3#2 by perturbative tech-
niques. They specifically show that it is peaked at
"2; 0; 0#, consistent with the present set of inelastic scat-
tering measurements. Furthermore, where the present

FIG. 1 (color). Top panel: A map of the measured dynamic
structure factor for SrCu2"BO3#2 at T ! 1:4 K along the
"H; 0; 0# direction is shown. The intensity scale is logarithmic.
The map is made up of constant-Q scans of the form shown in
the bottom panel, where Q ! "1:5; 0; 0# and the normalized
intensity in counts/monitor is displayed.

PRL 93, 267202 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2004

267202-2
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Triplets split 
in a magnetic field

∆E=gµBH
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B.D. Gaulin et al, 
PRL 93, 267202 (2004) 
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S. Haravifard, S. R. Dunsiger, S. El Shawish, B. D. Gaulin, H. A. Dabkowska, 
M. T. F. Telling, T. G. Perring, and J. Bonča,  Phys. Rev. Lett. 97, 247206 (2006)
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Sarah
Dunsiger

Sara
Haravivard

• Renaissance in neutron science with figures of merit increases ~ 100 
TOF techniques well suited to exotic magnetism as it measures very effectively 

across wide dynamic range in Q and E

• Shastry-Sutherland singlet ground state in SrCu2(BO3)2:
Frustration drives localized triplets + plateaus in triplet density with field 

• Quenched impurities give spin polarons:
extended S=1/2 states which can be measured with neutron scattering
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R2Ti2O7

37

Real Pyrochlores: Rare Earth Titanates

R ={
Ho
Dy
Er
Tb
Gd
Yb

Spin Ice, Magnetic Monopole Excitations

LRO, Quantum Critical Point

Spin Liquid 

Partial Ordering

Low-Dimensional Correlations

R3+
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Cubic Pyrochlores:

• Spins on a network of 
corner-sharing tetrahedra

• A2Ti2O7

• A site is RE 3+ (many 
magnetic possibilities)

A=Ho3+, Tb3+
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Cubic Pyrochlores:

• Spins on a network of 
corner-sharing tetrahedra

• A2Ti2O7

• A site is RE 3+ (many 
magnetic possibilities)

Ising 
moments

XY 
moments
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+/- |4>!

~ 175 K 

~ 20 K 

~ 125 K 

+/- |5>!

( ! : Ho2Ti2O7 ~ 240 K ; Dy2Ti2O7 ~ 380 K) 

Inelastic neutron scattering on polycrystalline Tb2Ti2O7 
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Ferromagnetic exchange: 

“Spin Ice” :   2 in 2 out 

Harris, Bramwell et al, PRL, 79, 2554, 1997 

Antiferromagnetic exchange: 

  All in  - All out 

Rare Earth moments: 

Strong [111] anisotropy 
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Tb2Ti2O7 

Ho2Ti2O7 

B.C. den Hertog and M.J.P. Gingras, PRL, 84, 3430, 2000. 
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Spin Ice Ground State 
indicated by Shottky-like 

anomaly at TSI ~ 2 K 
in both  

Dy2Ti2O7 and Ho2Ti2O7 

Missing entropy is the same 
as for proton disorder in 

solid H2O, hence “Spin Ice” 

A.P. Ramirez et al, 
Nature, 399, 333, 1999
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Tb2Ti2O7 

Ho2Ti2O7 
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Spin Ice Ground State in Ho2Ti2O7 

J. P. Clancy, J. P. C. Ruff, S. R. Dunsiger, Y. Zhao, H. A. Dabkowska, 
J. S. Gardner, Y. Qiu, J. R. D. Copley, T. Jenkins, and B. D. Gaulin, Phys. Rev. B 79, 014408 (2009)
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Diffuse Scattering Evolves with T on scale of ~ 17 K 
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Spin Ice correlations  
due to  

enforced “ice rules”  
 (2 spins in – 2 spins out / 
tetrahedron)  gives rise to 

“Zone Boundary 
Scattering” 

 Evolve on scale of   
TSI ~ 2 K 
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Application of weak  
[1-10] magnetic field  
breaks system up into  
! and " chains.  

Polarizable  !-[1-10] 
chains (parallel to field) 

Perpendicular "-[110] 
chains 
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breaks system up into  
! and " chains.  

Polarizable  !-[1-10] 
chains (parallel to field) 

Perpendicular "-[110] 
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[1-10] Magnetic field should decompose pyrochlore lattice into 
polarized ! chains (red chains) and  

decoupled qausi-1D " chains (blue chains). 
Wednesday, May 5, 2010



Ferro-ordering of !-chains 

1D-correlations along "-chains 

J. P. Clancy, J. P. C. Ruff, S. R. Dunsiger, Y. Zhao, H. A. Dabkowska, 
J. S. Gardner, Y. Qiu, J. R. D. Copley, T. Jenkins, and B. D. Gaulin, Phys. Rev. B 79, 014408 (2009)
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Geometric Frustration in 3D:   The Pyrochlore Lattice

Corner-Sharing Tetrahedra
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Geometric Frustration in 3D:   The Pyrochlore Lattice

Corner-Sharing Tetrahedra
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L560 Letter to the Editor

[111]

triangular layer

kagomé layer

triangular layer

kagomé layer

(a)

(b)

Figure 1. (a) The pyrochlore lattice of corner-sharing tetrahedra whose vertices are occupied by
Ising spins of Dy ions. The long arrow shows the [111] direction along which the magnetic field
is applied. One of the six two-in–two-out configurations is shown by short arrows. Each spin
lies along the axis joining the vertex and the centre of the tetrahedron, due to a strong single-site
anisotropy. (b) The pyrochlore lattice viewed along the [111] direction. It consists of an alternating
stacking of Kagomé and triangular layers.

to lower the symmetry, and new types of phase transition are predicted, depending on the field
direction [12]. In this letter, we report the magnetic properties of the pyrochlore compound
Dy2Ti2O7 in magnetic fields applied along the [111] direction. The pyrochlore lattice can be
viewed as an alternating stacking of Kagomé layers and sparse triangular layers, both of which
are perpendicular to the [111] direction (figure 1(b)). By applying a magnetic field along
the [111] direction, we found a new macroscopically degenerate state in which, although the
magnetization is induced, a macroscopic degeneracy remains in the spin configuration on the
Kagomé layers.

Single crystals of Dy2Ti2O7 were prepared by the floating-zone method using an infrared
furnace equipped with four halogen lamps and elliptical mirrors. The crystals were grown
under O2 gas flow to avoid oxygen deficiency. The typical growth rate was 4 mm h−1.
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D y2Ti2O7

Figure 2. The process of magnetization of Dy2Ti2O7 along the [111] direction.

The single crystals obtained were translucent yellow. DC magnetization measurements were
made using a capacitive Faraday magnetometer installed in a 3He cryostat, with a field gradient
of 300 Oe cm−1 [13]. Specific heat measurements were carried out by a relaxation method
(PPMS, Quantum Design) down to 0.4 K. The typical sizes of the samples used for the
magnetization and specific heat measurements were 0.5 × 2 × 2 and 0.1 × 1 × 1 mm3,
respectively. In order to minimize the demagnetizing field effect, the [111] direction was
oriented along the sample plane.

DC magnetization curves of Dy2Ti2O7 with magnetic field applied along the [111]
direction are shown in figure 2. At T = 1.65 K, the magnetization is a gradual function
of field with a weak feature at around 10 kOe, and saturates at higher fields to the value
∼5 µB/Dy. This moment value corresponds to the fully saturated one-in–three-out (or three-
in–one-out) state of the Ising pyrochlore lattice with the local Ising axis pointing along the
〈111〉 directions. The result at 1.65 K is in good agreement with the previous measurements
made at 1.8 K by Fukazawa et al [14].

On cooling below 1 K, the feature at ∼10 kOe becomes sharper, and eventually turns into
a metamagnetic step at T = 0.48 K with a preceding magnetization plateau below ∼9 kOe.
The magnetic moment of the plateau is very close to the value 3.33 µB/Dy, as expected for the
saturated moment along the [111] direction, without destroying the ice rule (two-in–two-out
state). In fact, the emergence of the plateau is closely associated with the formation of the spin
ice state which is evidenced by the appearance of magnetization hysteresis below 5 kOe [7].
Clearly, the metamagnetic step near 10 kOe corresponds to a breaking of the spin ice state by
a magnetic field strong enough to overcome the magnetic interactions. This phenomenon has
been predicted by Monte Carlo simulations of spin ice models [12, 14, 15], but experimentally
only a broad feature had been observed in the previous measurements done at 1.8 K [14]. Our
data are the first results in the low-temperature regime where the ice rule configuration is well
developed. Magnetization measurements at still lower temperatures are in progress and the
results will be published soon [16].
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0
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1.5
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 (

J/
K

 m
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e-
D

y)

H (kOe)

R(1/2)ln(3/2)

T=0.4 K

// [111]H

Figure 4. The magnetic field dependence of the magnetic entropy S(H ) at 0.4 K. The dashed–
dotted line shows a residual ground state entropy of spin ice (R(1/2) ln(3/2)). S(H ) shows a
plateau (broken line) in the magnetic field range of 3.5–7 kOe.

[111]

H

a b c

d e f

Figure 5. Macroscopic degeneracy in the plateau state (Kagomé ice). a, b and c label the three
patterns for the one-in–two-out configurations for triangles with other apical spins above, whereas
d, e and f label those for two-in–one-out arrangements for the other triangles with other apical spins
below in the Kagomé layer.

d, e and f indicate those of the two-in–one-out states in the upward triangles. Clearly, the
plateau state is frustrated and may have a residual entropy, which was recently calculated to be
about 40% of the zero-field spin ice state [17], in reasonably good agreement with the results
in figure 4. Our experimental data on the magnetization and the specific heat measurements
thus confirm this new macroscopically degenerate state: the ‘Kagomé ice’ state in Dy2Ti2O7

under a magnetic field.

K. Matsuhira et al, 
J. Phys. Cond. Matter, 14, L559, 2002
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Tb2Ti2O7 

Ho2Ti2O7 

B.C. den Hertog and M.J.P. Gingras, PRL, 84, 3430, 2000. 
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1/T1 relaxation rate 
muSR

Low T powder 
neutron diffraction

but, Tb2Ti2O7 doesn’t order at low T (~ 20 mK)
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2-Axis Diffraction 
T=9 K 

TOF scattering 
T=0.4 K 

Wednesday, May 5, 2010



Ordered phase(s) appear(s) on application of H // 110 
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Low field (002) phase persists 
 to very high T > 25 K 

High field (112) phase exists  
on expected TN  ~ 2 K 
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K. C. Rule, J. P. C. Ruff, B. D. Gaulin, S. R. Dunsiger, J. S. Gardner, J. P. Clancy, M. J. Lewis, 
H. A. Dabkowska, I. Mirebeau, P. Manuel, Y. Qiu, and J. R. D. Copley,  Phys. Rev. Lett. 96, 177201 (2006)
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One Transition in Zero Field 

Five Transitions in Non-Zero Field 
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Ho2Ti2O7 vs Tb2Ti2O7 
Static Spin Ice vs Dynamic Spin Liquid (H=0) 

Magnetic Structure Factors appear complementary 
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FIG. 1: (a) Crystal structure of pyrochlore lattice. (b) A tetrahedron primitive basis consisting

pyrochlore lattice. Denote inward spin as ↑ and outward spin as ↓ for this tetrahedron. Above spin

configuration is expressed as |Φ〉 = | ↓↑↑↓〉. see text in details. (c) Crystal field level splitting of

Tb2Ti2O7 and Dy2Ti2O7.

consistent with our experimental result. From these result, we concluded that a quantum

spin ice state is realized as the ground state of Tb2Ti2O7, despite the fact that its net near-

est neighbor interaction is antiferromagnetic. However, there still remains some unresolved

problems. Most important one is the origin of a second order phase transition observed near

0.37 K in specific heat[3]. In addition, because quantum effects are very important in this

system, this is a unique opportunity to explore some of the exciting physics proposed to be

at play in frustrated pyrochlore Ising systems with perturbative quantum fluctuations. In

order to explore them, we have to study more about the properties in low energy excitation

of this material. In this paper, we report specific heat measurements on Tb2Ti2O7 down to

180 mK, much lower the near-neighbor interaction energy scales, using single crystals and

with the magnetic field applied along [100], [110], and [111] directions.

The single crystals of Tb2Ti2O7 used in this study were grown by the floating zone

method[15]. In order to minimize demagnetization effects, the sample was cut from sin-

gle crystalline rods into a thin plate with the plane normal to the [11̄0] direction. All three

high symmetry directions of the cubic structure, [100], [110] and [111] directions, lie within

the (11̄0) plane. Using such a plate-like sample, we can measure specific heat in a magnetic

field applied along all three directions using the same crystal. The size and mass of the

sample was approximately 1×1×0.3 mm3 and 0.5 mg. The specific heat C/T was measured

between 180 mK to 30 K and in fields up to 8 T by a quasi adiabatic method using a self-

made calorimeter with a commercial Dilution refrigerator and a commercial 3He refrigerator.

3

!

Tb2Ti2O7 displays evidence for magnetization plateau in [111] magnetic field:
Signature of spin ice state - quantum spin ice?

Tb2Ti2O7 

Ho2Ti2O7 
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Jacob RuffKate Ross Pat Clancy

• Rare earth titanates: playground for exotic frustrated ground states

• Ho2Ti2O7: Canonical spin ice
1D decomposition in [110] field; kagome ice + plateau in [111] field

• Tb2Ti2O7: enigmatic spin liquid
[110] field induced LRO; evidence for plateau in [111] field - quantum spin ice?
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1.1  TC  TC 0.9  TC

 Ferromagnet Antiferromagnet

H = 2J Σij Si · Sj
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Spin Excitations: Spinons in lRVB

in lRVB state, creating 2 spinons can cost NO energy because 
long bonds are bound by distant neighbor exchange only

NOTE: 
1) Spinons are gapless and deconfined

Easy to break
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order and/or freezing is observed, by using NMR spectroscopy, at T < 1 K 
(ref. 56). More over, recent experiments show that this compound has a 
complex series of low-temperature phases in an applied magnetic field56. 
Given the exceptionally high purity of Cu3V2O7(OH)2•2H2O, an expla-
nation of its phase diagram should be a clear theoretical goal. 

Theoretical interpretations
I now turn to the theoretical evidence for QSLs in these systems and 
how the experiments can be reconciled with theory. Theorists have 
attempted to construct microscopic models for these materials (Box 2) 
and to determine whether they support QSL ground states. In the case 
of the organic compounds, these are Hubbard models, which account 
for significant charge fluctuations. For the kagomé materials, a Heisen-
berg model description is probably ap propriate. There is general theo-
retical agreement that the Hubbard model for a triangular lattice has 
a QSL ground state for intermediate-strength Hubbard repulsion near 
the Mott transition57–59. On the kagomé lattice, the Heisenberg model 
is expected to have a non-magnetic ground state as a result of frus-
tration60. Recently, there has been growing theoretical support for the 
conjecture that the ground state is, however, not a QSL but a VBS with 
a large, 36-site, unit cell61,62. However, all approaches indicate that many 
competing states exist, and these states have extremely small energy dif-
ferences from this VBS state. Thus, the ‘real’ ground state in the kagomé 
materials is proba bly strongly perturbed by spin–orbit coupling, dis-
order, further-neighbour interactions and so on63. A similar situation 
applies to the hyperkagomé lattice of Na4Ir3O8 (ref. 64).

These models are difficult to connect directly, and in detail, to 
experi ments, which mainly measure low-energy properties at low tem-
peratures. Instead, attempts to reconcile theory and experiment in detail 
have re lied on more phenomenological low-energy effective theories 
of QSLs. Such effective theories are similar in spirit to the Fermi liquid 
theory of interacting metals: they propose that the ground state has a 
certain structure and a set of elementary excitations that are consistent 
with this structure. In contrast to the Fermi liquid case, however, the 
elementary excitations consist of spinons and other exotic par ticles, 
which are coupled by gauge fields. A theory of this type — that is, pro-
posing a ‘spinon Fermi surface’ coupled to a U(1) gauge field — has 
had some success in explaining data from experiments on κ-(BEDT-
TTF)2Cu2(CN)3 (refs 65, 66). Related theories have been proposed for 
ZnCu3(OH)6Cl2 (ref. 67) and Na4Ir3O8 (ref. 68). However, comparisons 

for these materials are much more limited. In all cases, the comparison 
of theory with experiment has, so far, been indirect. I return to this 
problem in the subsection ‘The smoking gun for QSLs’.

Unexpected findings
In the course of a search as difficult as the one for QSLs, it is natural for 
there to be false starts. In several cases, researchers uncovered other 
interesting physical phenomena in quantum magnetism.

Dimensional reduction in Cs2CuCl4
Cs2CuCl4 is a spin-½ antiferromagnet on a moderately anisotropic 
trian gular lattice69,70. It shows only intermediate frustration, with f ≈ 8, 
ordering into a spiral Néel state at TN = 0.6 K. However, neutron-scat-
tering results for this compound reported by Coldea and colleagues 
suggested that exotic physical phenomena were occurring69,70. These 
experiments measure the type of excitation that is created when a neu-
tron interacts with a solid and flips an electron spin. In normal mag-
nets, this creates a magnon and, correspondingly, a sharp resonance is 
observed when the energy and momentum transfer of the neutron equal 
that of the magnon. In Cs2CuCl4, this resonance is extremely small. 
Instead, a broad scattering feature is mostly observed. The interpreta-
tion of this result is that the neutron’s spin flip creates a pair of spinons, 
which divide the neutron’s en ergy and momentum between them. The 
spinons were suggested to arise from an underlying 2D QSL state.

A nagging doubt with respect to this picture was the striking similar-
ity between some of the spectra in the experiment and those of a 1D 
spin chain, in which 1D spinons indeed exist71. In fact, in Cs2CuCl4 the 
exchange energy along one ‘chain’ direction is three times greater than 
along the diagonal bonds between chains (that is, Jʹ ≈ J/3 in Fig. 1a). 
Experimentally, however, the presence of substantial transverse disper-
sion (that is, dependence of the neutron peak on momentum perpendic-
ular to the chain axis in Cs2CuCl4), and the strong influence of interchain 
coupling on the magnetization curve, M(H), seemed to rule out a 1D 
origin, despite an early theoretical suggestion72.

In the past few years, it has become clear that discarding the idea of 
1D physics was premature73,74. It turns out that although the interchain 
coupling is substantial, and thus affects the M(H) curve significantly, 
the frustration markedly reduces interchain correlations in the ground 
state. As a result, the elementary excitations of the system are simi-
lar to those of 1D chains, with one important exception. Because the 

Figure 3 | Valence-bond states of frustrated antiferromagnets. In a VBS 
state (a), a specific pattern of entangled pairs of spins — the valence bonds 
— is formed. Entangled pairs are indicated by ovals that cover two points 
on the triangular lattice. By contrast, in a RVB state, the wavefunction is a 

superposition of many different pairings of spins. The valence bonds may 
be short range (b) or long range (c). Spins in longer-range valence bonds 
(the longer, the lighter the colour) are less tightly bound and are therefore 
more easily excited into a state with non-zero spin. 
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Motivation for Singlet Basis

H = J

�

<i,j>

�Si · �Sj

�↑i↓j | SziSzj |↑i↓j� = −1
4

�↑i↓j | SxiSxj |↑i↓j� = 0

Neel type state for 2 spins: Entangled (singlet) state:

�↑i↓j | SyiSyj |↑i↓j� = 0 (�↑i↓j | −�↓i↑j |)SyiSyj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)SxiSxj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)SziSzj(|↑i↓j�− |↓i↑j�) = −1
4

(�↑i↓j | −�↓i↑j |)H(|↑i↓j�− |↓i↑j�) = −3
4
J�↑i↓j | H |↑i↓j� = −1

4
J

Broken Rotational 
Symmetry

Rotational Symmetry 
Intact
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97-3792B uc/djr!

Anatomy of a Pulsed Spallation Source 
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Where do quantum spins come from?

3d7

    big CEF effect: low spin state        
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Where do quantum spins come from?

3d9

CEF         orbitally quenched orbitals + Hund’s rules
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Pyrochlore 
Lattice

The (111) planes of the Pyrochlore structure are interleaved Kagome 
and triangular planes 

[111]
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Geometric Frustration in 2D

Sometimes the system will fluctuate between these degenerate 
states, increasing entropy: NO Long Range Order
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Time-of-flight neutron scattering 
and 2D spin correlations in 3D crystals
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Geometric Frustration in 2D

prefer anti-ferromagnetic alignment
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Frustration in three dimensions: 

The cubic pyrochlore structure; 
A network of corner-sharing tetrahedra 

Low temperature powder  
neutron diffraction from  

Tb2Ti2O7 
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µSR Studies of Magnetic Ground States in: 

Tb2Ti2O7 
Tb2Mo2O7 
Y2Mo2O7 

Tb2Ti2O7 : Spin Liquid  

Y2Mo2O7 : Spin Glass  

Tb2Mo2O7 : Spin Liquid  
                   and Spin Glass 
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