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two-in-two-out states for one tetrahedron



Rare-earth pyrochlores

• grown rare-earth pyrochlores: Ho2Ti2O7, Dy2Ti2O7, 
Ho2Sn2O7, Dy2Sn2O7, Er2Ti2O7, Yb2Ti2O7, Tb2Ti2O7, 
Er2Sn2O7, Tb2Sn2O7, Pr2Sn2O7, Nd2Sn2O7, 
Gd2Sn2O7, ...

• grown rare-earth B-site spinels:  CdEr2S4, CdEr2Se4, 
CdYb2S4, CdYb2Se4, MgYb2S4, MgYb2S4, MnYb2S4, 
MnYb2Se4, FeYb2S4, CdTm2S4, CdHo2S4, FeLu2S4, 
MnLu2S4, MnLu2Se4, ...

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012

lots of room for diverse behaviors!
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Yb2Ti2O7: puzzling experimental 
features

Ross et al., PRL 2009, PRB 2011

diffuse scattering

rods

sharp spin waves

T

H

0.5 T

of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
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FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
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to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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FIG. 1: (color online) a) The temperature dependence of neu-

tron scattering intensity at two Q points that lie on the rod

of scattering, Q1.54 (red x’s) and Q1.07 (blue o’s) (10K back-

ground subtracted). Bottom Inset: the position of the two

Q points is shown relative to the fcc Brillouin zone bound-

aries in the (HHL) plane. Top Inset: the difference of intensi-

ties, I1.07 - I1.54, with the solid line as a guide to the eye. b)

Time-of-flight neutron scattering data at 30mK and 500mK.

c) Longitudinal rod scans at T = 60 mK and 300 mK. Data

points at 540mK are consistent with a Q dependence that fol-

lows the Yb
3+

magnetic form factor (black solid line). Error

bars represent ± 1σ.

anomaly at T=214mK, indicating a possible phase tran-
sition, in addition to a broad Schottky-like hump at 2K
[18]. The putative transition, whose temperature varies
somewhat in the literature and which we henceforth la-
bel Tc, has previously been explored through several
techniques [11, 14, 15, 19]. Much of this characteriza-
tion is consistent with the absence of conventional LRO
below Tc, although single crystal neutron diffraction and
AC susceptibility results presented in Ref. 19, suggest a
collinear FM ground state. Hodges et al found a dis-
continuous change in the spin fluctuation frequency at
Tc=240mK as measured by Mössbauer and µSR, along
with an absence of magnetic Bragg peaks in neutron
powder diffraction [11]. Short range spin correlations
were observed in single crystal neutron scattering stud-
ies, notably taking the form of rods of scattering along
the <111> directions, with a characteristic QE energy
scale of 0.3meV [14, 20]. These indicate an unexpected
2D correlated state above the transition temperature,
implying a decomposition of the 3D pyrochlore struc-
ture into a stacking of alternating kagome and trian-

gular planes along <111>. A qualitative difference in
this diffuse scattering was observed between 500mK and
30mK indicating that short-range 3D spin correlations
are present at the lowest temperatures [14]. In this Let-
ter, we reveal the detailed temperature dependence of
that diffuse QE scattering, and determine to what extent
it correlates with new low temperature Cp measurements
of Yb2Ti2O7.

Single crystalline Yb2Ti2O7 was prepared at McMas-
ter University using a two-mirror floating zone image
furnace. It was grown in 4 atm of oxygen, at a rate of
5 mm/h, the growth procedure resembling Ref. 21. The
single crystal that was the subject of these neutron mea-
surements was the same one studied previously [14]. The
specific heat measurements were performed on this and
one other crystal prepared under identical conditions.
The starting material for these growths, a pressed poly-
crystalline sample, was prepared by mixing Yb2O3 and
TiO2 in stoichiometric ratio and annealing at 1200◦C for
24 hours, with a warming and cooling rate of 100◦C/h.
The specific heat of this polycrystalline material was
measured for comparison to the single crystals.

Single crystal time-of-flight neutron scattering mea-
surements were carried out using the Disk Chopper Spec-
trometer at the National Institute of Standards and
Technology (NIST), with 5Å incident neutrons, giving
an energy resolution of 0.09meV. Triple-axis neutron
scattering experiments were also performed at NIST,
using SPINS. For the triple-axis measurements, a py-
rolytic graphite (PG) monochromator provided an in-
cident energy of 5meV, and an energy resolution of ∼
δE = 0.25meV. Elastically scattered neutrons were se-
lected using five flat PG analyzer blades. A cooled Be
filter was used to remove higher order wavelengths from
the scattered beam, and was followed by an 80’ radial
collimator.

The heat capacity measurements were performed us-
ing the quasi-adiabatic method (see Ref. 22 for de-
tails) with a 1 kΩ RuO2 thermometer and 10 kΩ heater
mounted directly on the thermally isolated sample. A
weak thermal link to the mixing chamber of a dilution re-
frigerator was made using Pt-W (92% Pt, 8%W) wire for
the smaller single crystal piece, A (142.3mg) and poly-
crystalline sample (24.37 mg), and yellow brass foil for
the 7.0515 g crystal, B, used in the neutron scattering ex-
periments. The time constant of relaxation provided by
the weak link was several hours, much longer than the
internal relaxation time of the samples, minimizing ther-
mal gradients and ensuring that the sample cooled slowly
into an equilibrium state. The addenda contributed less
than 0.1% to the specific heat of the system.

Figure 1 (a) shows the temperature dependence of the
intensity of elastically scattered neutrons at twoQ points
using SPINS. One point is near the fcc zone center and

214 mK ?

quantum spin liquid regime?

gz = 1.8
gxy = 4.3



What Is a Quantum Spin Liquid 
(QSL)?

• history: ⟨ S ⟩ = 0 - too restrictive

• long-range entangled: a state which cannot be written or 
approximated as a product of any finite blocks

• consequence: exotic properties,                                           
e.g. fractional particles

Balents 2010
note: {⟨ S ⟩ = 0 & exotic properties} requires long-range entanglement

a

b

c

spinons are inherently 1D, they are confined to the chains, and to take 
advantage of the transverse exchange, they must be bound into S = 1 
‘triplon’ bound states (Fig. 3b). These triplons move readily between 
chains and are responsible for the transverse dispersion observed in 
the experiment. Thus, the observation of triplons provides a means to 
distinguish 1D spinons from their higher-dimensional counterparts. 
A quantitative theory of this physics agrees well with the data, with no 
adjustable parameters. It is therefore understood that Cs2CuCl4 is an 
example of ‘dimensional reduction’ induced by frustration and quan-
tum fluctuations. This phenomenon was unexpected and might have a 
role in other correlated materials. Perhaps it is related to the cascade of 
phases that is observed in the isostructural material Cs2CuBr4 in applied 
magnetic fields75.

Spin–orbital quantum criticality in FeSc2S4
Among the entries in Table 1, FeSc2S4 stands out as a material that has 
not only spin degeneracy but also orbital degeneracy. This is common 
in transition-metal-containing compounds76,77. It is possible to imagine 
a quantum orbital liquid78–80, analogous to a QSL. Like the more familiar 
(theoretically) QSL, the quantum orbital liquid is experimentally elu-
sive. Nevertheless, experimen talists have observed that FeSc2S4, which 
has a twofold orbital degeneracy, evades order down to T = 50 mK, and 
on this basis it was characterized as a spin–orbital liquid81–83.

Recently, it was suggested that this liquid behaviour is due not to frus-

tration but to a competition between spin–orbit coupling and magnetic 
exchange84. Microscopic estimates of the spin–orbit interaction, !, 
indeed show that its strength, !/kB = 25–50 K, is comparable to the Curie–
Weiss temperature, 45 K. As a result, the material is serendipitously close 
to a quantum crit ical point between a magnetically ordered state and 
a ‘spin–orbital sin glet’, induced by spin–orbit coupling84 (Fig. 5). This 
picture seems to explain data from a variety of experiments, including 
NMR81, neutron-scattering82, spin susceptibility83 and specific-heat83 
measurements. Most notably, the anomalously small excitation gap of 
2 K that was measured in neutron-scattering82 and NMR81 experiments 
is understandable — this gap vanishes on approaching the quantum 
critical point. If the theory is correct, FeSc2S4 can be viewed as a kind of 
spin–orbital liquid with significant long-distance entanglement between 
spins and orbitals. Because the material is not precisely at the quantum 
critical point, however, there is a finite correlation length; therefore, this 
entanglement does not persist to arbitrarily long distances, as would be 
expected in a true RVB state.

Future directions
I have only touched the surface of the deep well of phenomena to 
be ex plored, experimentally and theoretically, in frustrated magnets 
and spin liq uids. In spin ice, there are subtle correlations, collective 
excitations and emergent magnetic monopoles, all of which are highly 
amenable to laboratory studies. In sev eral frustrated magnets with spin 

Figure 4 | Excitations of quantum antiferromagnets.!a, In a quasi-1D 
system (such as the triangular lattice depicted), 1D spinons are formed as 
a domain wall between the two antiferromagnetic ground states. Creating 
a spinon (yellow arrow) thus requires the flipping of a semi-infinite line 
of spins along a chain, shown in red. The spinon cannot hop between 
chains, because to do so would require the coherent flipping of an infinite 

number of spins, in this case all of the red spins and their counterparts on 
the next chain. b, A bound pair of 1D spinons forms a triplon. Because a 
finite number of spins are flipped between the two domain walls (shown 
in red), the triplon can coherently move between chains, by the flipping of 
spins along the green bonds. c, In a 2D QSL, a spinon is created simply as an 
unpaired spin, which can then move by locally adjusting the valence bonds.

Table 1 | Some experimental materials studied in the search for QSLs
Material Lattice S "CW (K) R* Status or explanation 

#-(BEDT-TTF)2Cu2(CN)3 Triangular† ! "375‡ 1.8 Possible QSL
EtMe3Sb[Pd(dmit)2]2 Triangular† ! "(375–325)‡ ? Possible QSL  
Cu3V2O7(OH)2•2H2O (volborthite) Kagomé† ! "115 6 Magnetic
ZnCu3(OH)6Cl2 (herbertsmithite) Kagomé ! "241 ? Possible QSL 
BaCu3V2O8(OH)2 (vesignieite) Kagomé† ! "77 4 Possible QSL  
Na4Ir3O8 Hyperkagomé ! "650 70 Possible QSL  
Cs2CuCl4 Triangular† ! "4 0 Dimensional reduction 
FeSc2S4 Diamond 2 "45 230 Quantum criticality
BEDT-TTF, bis(ethylenedithio)-tetrathiafulvalene; dmit, 1,3-dithiole-2-thione-4,5-ditholate; Et, ethyl; Me, methyl. *R is the Wilson ratio, which is de fined in equation (1) in the main text. For EtMe3Sb[Pd(dmit)2]2 
and ZnCu3(OH)6Cl2, experimental data for the intrinsic low-temperature specific heat are not available, hence R is not determined. †Some degree of spatial anisotropy is present, implying that J!# #J in Fig. 1a. ‡A 
theoretical Curie–Weiss temperature ("CW) calcu lated from the high-temperature expansion for an S#=#! triangular lattice; "CW#=#3J/2kB, using the J fitted to experiment. 
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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 !-(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-! 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, J# " 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. 

204

NATURE|Vol 464|11 March 2010INSIGHT!REVIEW

!""#$%&'()*+,-.'#'/012).*'345+)66'''$%7!""#$%&'()*+,-.'#'/012).*'345+)66'''$%7 8989!%'''!!:8;:!;8989!%'''!!:8;:!;

© 20  Macmillan Publishers Limited. All rights reserved10

+ + ...



What Is a Quantum Spin 
Liquid?

• first prediction: Anderson 1973

• would be really nice to find one in nature!

• good place to look: frustrated magnets

• organics (triangular lattice), J1-J2 models, pyrochlores...



Outline

• method

• results

• experimental signatures

• materials

based on Savary and Balents PRL 108, 037202 (2012)

http://prl.aps.org/abstract/PRL/v108/i3/e037202
http://prl.aps.org/abstract/PRL/v108/i3/e037202


Symmetries of the Hamiltonian

space group: Fd-3m, i.e. #227 :

discrete cubic symmetries only

rare-earths : intrinsic strong spin-orbit coupling

spinels
AB2X4

A

B

X

A2B2O7

"pyrochlore oxides"

BO6

A

O'

strong crystal fields



General NN exchange Hamiltonian for effective spins 1/2

to each material corresponds a set of J's

H =
�

�ij�

�
JzzS

z
i S

z
j

−J±(S
+
i S

−
j + S−i S

+
j )

+ Jz±
�
Szi (ζijS

+
j + ζ∗ijS

−
j ) + i ↔ j

�

+ J±±
�
γijS

+
i S

+
j + γ∗

ijS
−
i S

−
j

� �

J±/Jzz

Jz±/Jzz

J±±/Jzz

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011



General NN exchange Hamiltonian for effective spins 1/2

to each material corresponds a set of J's

H =
�

�ij�

�
JzzS

z
i S

z
j

−J±(S
+
i S

−
j + S−i S

+
j )

+ Jz±
�
Szi (ζijS

+
j + ζ∗ijS

−
j ) + i ↔ j

�

+ J±±
�
γijS

+
i S

+
j + γ∗

ijS
−
i S

−
j

� �

What is the phase diagram ?  

Are there any exotic phases there ?
J±/Jzz

Jz±/Jzz

J±±/Jzz

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011

spin ice



The Hermele et al. QSL
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Relation to classical spin ice

thermal spin liquid

extensively many 
degenerate ground 

states

quantum spin liquid

one entangled ground state
(= vacuum)

magnetic monopoles 
= spinons

spinons
"electric" monopoles

gapless photon

classical spin ice U(1) quantum spin liquid

Gingras, Introduction to Frustrated Magnetism (2011), Hermele Fisher Balents, PRB 2004
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How we do this: compact abelian lattice 
Higgs theory 

but simpler!
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vacuum: quantum superposition of two-in-two-out states 

H = hopping Hamiltonian for spinons in fluctuating background
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• inelastic structure factor
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• inelastic neutron scattering:

• photon

• spinon
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1. classical high-field ground state
2. Holstein-Primakoff bosons in the spirit of large s
3. calculation of the inelastic structure factor

Yb2Ti2O7
T

H

0.5 T

of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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FIG. 1: (color online) a) The temperature dependence of neu-

tron scattering intensity at two Q points that lie on the rod

of scattering, Q1.54 (red x’s) and Q1.07 (blue o’s) (10K back-

ground subtracted). Bottom Inset: the position of the two

Q points is shown relative to the fcc Brillouin zone bound-

aries in the (HHL) plane. Top Inset: the difference of intensi-

ties, I1.07 - I1.54, with the solid line as a guide to the eye. b)

Time-of-flight neutron scattering data at 30mK and 500mK.

c) Longitudinal rod scans at T = 60 mK and 300 mK. Data

points at 540mK are consistent with a Q dependence that fol-

lows the Yb
3+

magnetic form factor (black solid line). Error

bars represent ± 1σ.

anomaly at T=214mK, indicating a possible phase tran-
sition, in addition to a broad Schottky-like hump at 2K
[18]. The putative transition, whose temperature varies
somewhat in the literature and which we henceforth la-
bel Tc, has previously been explored through several
techniques [11, 14, 15, 19]. Much of this characteriza-
tion is consistent with the absence of conventional LRO
below Tc, although single crystal neutron diffraction and
AC susceptibility results presented in Ref. 19, suggest a
collinear FM ground state. Hodges et al found a dis-
continuous change in the spin fluctuation frequency at
Tc=240mK as measured by Mössbauer and µSR, along
with an absence of magnetic Bragg peaks in neutron
powder diffraction [11]. Short range spin correlations
were observed in single crystal neutron scattering stud-
ies, notably taking the form of rods of scattering along
the <111> directions, with a characteristic QE energy
scale of 0.3meV [14, 20]. These indicate an unexpected
2D correlated state above the transition temperature,
implying a decomposition of the 3D pyrochlore struc-
ture into a stacking of alternating kagome and trian-

gular planes along <111>. A qualitative difference in
this diffuse scattering was observed between 500mK and
30mK indicating that short-range 3D spin correlations
are present at the lowest temperatures [14]. In this Let-
ter, we reveal the detailed temperature dependence of
that diffuse QE scattering, and determine to what extent
it correlates with new low temperature Cp measurements
of Yb2Ti2O7.

Single crystalline Yb2Ti2O7 was prepared at McMas-
ter University using a two-mirror floating zone image
furnace. It was grown in 4 atm of oxygen, at a rate of
5 mm/h, the growth procedure resembling Ref. 21. The
single crystal that was the subject of these neutron mea-
surements was the same one studied previously [14]. The
specific heat measurements were performed on this and
one other crystal prepared under identical conditions.
The starting material for these growths, a pressed poly-
crystalline sample, was prepared by mixing Yb2O3 and
TiO2 in stoichiometric ratio and annealing at 1200◦C for
24 hours, with a warming and cooling rate of 100◦C/h.
The specific heat of this polycrystalline material was
measured for comparison to the single crystals.

Single crystal time-of-flight neutron scattering mea-
surements were carried out using the Disk Chopper Spec-
trometer at the National Institute of Standards and
Technology (NIST), with 5Å incident neutrons, giving
an energy resolution of 0.09meV. Triple-axis neutron
scattering experiments were also performed at NIST,
using SPINS. For the triple-axis measurements, a py-
rolytic graphite (PG) monochromator provided an in-
cident energy of 5meV, and an energy resolution of ∼
δE = 0.25meV. Elastically scattered neutrons were se-
lected using five flat PG analyzer blades. A cooled Be
filter was used to remove higher order wavelengths from
the scattered beam, and was followed by an 80’ radial
collimator.

The heat capacity measurements were performed us-
ing the quasi-adiabatic method (see Ref. 22 for de-
tails) with a 1 kΩ RuO2 thermometer and 10 kΩ heater
mounted directly on the thermally isolated sample. A
weak thermal link to the mixing chamber of a dilution re-
frigerator was made using Pt-W (92% Pt, 8%W) wire for
the smaller single crystal piece, A (142.3mg) and poly-
crystalline sample (24.37 mg), and yellow brass foil for
the 7.0515 g crystal, B, used in the neutron scattering ex-
periments. The time constant of relaxation provided by
the weak link was several hours, much longer than the
internal relaxation time of the samples, minimizing ther-
mal gradients and ensuring that the sample cooled slowly
into an equilibrium state. The addenda contributed less
than 0.1% to the specific heat of the system.

Figure 1 (a) shows the temperature dependence of the
intensity of elastically scattered neutrons at twoQ points
using SPINS. One point is near the fcc zone center and
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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of Li2Mn2O4, the lattice is known to be tetragonally dis-
torted, whereas no evidence for a departure from cubic
symmetry has been reported for Yb2Ti2O7. We note that
the diffuse rods of magnetic scattering in Yb2Ti2O7 appear
along all measured h111i directions, consistent with either
a spatially (domain) or temporally averaged magnetic
structure. Temporal fluctuations would require the rods
be dynamic in nature, as will be shown to be the case.

Related to modifications of the rods of diffuse scattering
upon cooling from 500 to 30 mK, we observe a small
increase (!3%) in the total intensity of the (111) Bragg
peak, in qualitative agreement with earlier studies [15,16].
This increase does not correspond to a fully ordered state;
rather, it results from the diffuse rods of scattering coales-
cing around Bragg peaks, an effect that is illustrated by
cuts along the rods, shown in Fig. 2(b). A similar broad
feature is observed at (!1 !1 !3 ), producing a!2% increase in
intensity at this peak. The observed increase of scattering
near the base of these Bragg peaks at 30 mK indicates a
developing short range ordered 3D magnetic state. Aside
from the increase of diffuse scattering at (111) and (!1 !1 !3 ),
no other changes in Bragg intensities were observed upon

cooling from 500 mK, measured out to Q " 2:34 "A#1.
This is in disagreement with the increase in (222) Bragg
scattering on cooling from 300 mK reported by Yasui et al.,
and we note that like the polarized neutron work [16], our
result is inconsistent with the LRO simple collinear FM
state proposed therein [15].

Application of even a weak magnetic field along [1!10]
dramatically alters the low temperature magnetic state.
Strikingly, sharp spin waves are evident at all wave vectors
in the inelastic neutron scattering (INS) spectrum for mag-
netic fields as low as 0.75 T [Fig. 3(f)]. Meanwhile, the
diffuse rods of scattering are eliminated. These results
demonstrate that a magnetic LRO state is induced by the
application of a [1!10] magnetic field. Such perturbation-
induced order is also observed in other magnetic pyro-
chlore systems; Tb2Ti2O7 can be driven from a spin liquid
to a LRO state upon application of a [1!10] magnetic field
[23], as well as as by combinations of uniaxial and hydro-
static pressure and magnetic fields [24,25].

The evolution of the inelastic scattering with the [1!10]
applied field is shown in Fig. 3. The spectrum is displayed

along [HHH], which coincides with the direction of the
rods in the low temperature, low field state. At!0H " 0 T,
T " 4 K [panel (b)], diffuse, quasielastic (QE) scattering
extends in energy to 0.6 meV. The QE scattering is most
intense along the rod direction, indicating that weak, dy-
namic rods are present at 4 K in zero field. On cooling to
30 mK, the intensity of the QE scattering increases, but its
energy scale remains constant. The corresponding fluctua-
tion rate, !145 GHz, is much higher than that reported by
Hodges et al. in their !SR study [11]. It also shows no
temperature dependence in contrast to the first order-like
transition they reported. The differences between this and
the present study suggest two energy scales characterizing
the spin fluctuations, which are accessible individually by
the !SR and INS techniques. The energy scale reported
here is exclusive to the rods of scattering, and hence to the
short range correlations.
Notably, no spin wave modes appear in the low tem-

perature zero-field state, which is consistent with short-
ranged, 3D correlations, as opposed to a LRO state which
would support spin wave excitations. At !0H " 0:25 T,
T " 30 mK, the QE rod of scattering lifts off from the
elastic channel, and at !0H " 0:5 T a dispersion of this
excitation into spin wave modes is observed [panels (d) and
(e)]. In stronger applied fields, the spin waves are increas-
ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
0.1 meV at 2 T, 30 mK [panel (g)]. Three spin wave
branches are observed in this field induced state: one
with little or no dispersion while the other two exhibit
minima tending to zero energy (i.e., Goldstone modes) at
the (111) and (222) positions. We argue that these disper-
sive modes are indicative of a LRO state on the basis that
they are resolution-limited at all wave vectors, particularly
at the magnetic zone centers where this quality indicates a
large correlation length to the long wavelength dynamics.
The presence of two types of branches, one dispersionless
and the other Goldstone-like, may be associated with
fluctuations out-of and within the easy XY plane, respec-
tively. Indeed, a related spin wave spectrum is observed for
the XY AF pyrochlore Er2Ti2O7 [26]. In Yb2Ti2O7, the
magnetic zones are well defined and coincident with the
nuclear zones, as indicated by clear gapping of the dis-

FIG. 3 (color online). Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned in [H,H,-
2H] over the range [#0:1, 0.1]. Panel (a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows the direction of
the cut in the inelastic panels. Panels (b)–(d) show the absence of well defined spin excitations in low field, even at 30mK [panels (c)
and (d)]. Resolution-limited spin waves appear at all wave vectors upon application of a magnetic field greater than !0:5 T [panels
(e)–(h)], indicating a LRO state.
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FIG. 1: (color online) a) The temperature dependence of neu-

tron scattering intensity at two Q points that lie on the rod

of scattering, Q1.54 (red x’s) and Q1.07 (blue o’s) (10K back-

ground subtracted). Bottom Inset: the position of the two

Q points is shown relative to the fcc Brillouin zone bound-

aries in the (HHL) plane. Top Inset: the difference of intensi-

ties, I1.07 - I1.54, with the solid line as a guide to the eye. b)

Time-of-flight neutron scattering data at 30mK and 500mK.

c) Longitudinal rod scans at T = 60 mK and 300 mK. Data

points at 540mK are consistent with a Q dependence that fol-

lows the Yb
3+

magnetic form factor (black solid line). Error

bars represent ± 1σ.

anomaly at T=214mK, indicating a possible phase tran-
sition, in addition to a broad Schottky-like hump at 2K
[18]. The putative transition, whose temperature varies
somewhat in the literature and which we henceforth la-
bel Tc, has previously been explored through several
techniques [11, 14, 15, 19]. Much of this characteriza-
tion is consistent with the absence of conventional LRO
below Tc, although single crystal neutron diffraction and
AC susceptibility results presented in Ref. 19, suggest a
collinear FM ground state. Hodges et al found a dis-
continuous change in the spin fluctuation frequency at
Tc=240mK as measured by Mössbauer and µSR, along
with an absence of magnetic Bragg peaks in neutron
powder diffraction [11]. Short range spin correlations
were observed in single crystal neutron scattering stud-
ies, notably taking the form of rods of scattering along
the <111> directions, with a characteristic QE energy
scale of 0.3meV [14, 20]. These indicate an unexpected
2D correlated state above the transition temperature,
implying a decomposition of the 3D pyrochlore struc-
ture into a stacking of alternating kagome and trian-

gular planes along <111>. A qualitative difference in
this diffuse scattering was observed between 500mK and
30mK indicating that short-range 3D spin correlations
are present at the lowest temperatures [14]. In this Let-
ter, we reveal the detailed temperature dependence of
that diffuse QE scattering, and determine to what extent
it correlates with new low temperature Cp measurements
of Yb2Ti2O7.

Single crystalline Yb2Ti2O7 was prepared at McMas-
ter University using a two-mirror floating zone image
furnace. It was grown in 4 atm of oxygen, at a rate of
5 mm/h, the growth procedure resembling Ref. 21. The
single crystal that was the subject of these neutron mea-
surements was the same one studied previously [14]. The
specific heat measurements were performed on this and
one other crystal prepared under identical conditions.
The starting material for these growths, a pressed poly-
crystalline sample, was prepared by mixing Yb2O3 and
TiO2 in stoichiometric ratio and annealing at 1200◦C for
24 hours, with a warming and cooling rate of 100◦C/h.
The specific heat of this polycrystalline material was
measured for comparison to the single crystals.

Single crystal time-of-flight neutron scattering mea-
surements were carried out using the Disk Chopper Spec-
trometer at the National Institute of Standards and
Technology (NIST), with 5Å incident neutrons, giving
an energy resolution of 0.09meV. Triple-axis neutron
scattering experiments were also performed at NIST,
using SPINS. For the triple-axis measurements, a py-
rolytic graphite (PG) monochromator provided an in-
cident energy of 5meV, and an energy resolution of ∼
δE = 0.25meV. Elastically scattered neutrons were se-
lected using five flat PG analyzer blades. A cooled Be
filter was used to remove higher order wavelengths from
the scattered beam, and was followed by an 80’ radial
collimator.

The heat capacity measurements were performed us-
ing the quasi-adiabatic method (see Ref. 22 for de-
tails) with a 1 kΩ RuO2 thermometer and 10 kΩ heater
mounted directly on the thermally isolated sample. A
weak thermal link to the mixing chamber of a dilution re-
frigerator was made using Pt-W (92% Pt, 8%W) wire for
the smaller single crystal piece, A (142.3mg) and poly-
crystalline sample (24.37 mg), and yellow brass foil for
the 7.0515 g crystal, B, used in the neutron scattering ex-
periments. The time constant of relaxation provided by
the weak link was several hours, much longer than the
internal relaxation time of the samples, minimizing ther-
mal gradients and ensuring that the sample cooled slowly
into an equilibrium state. The addenda contributed less
than 0.1% to the specific heat of the system.

Figure 1 (a) shows the temperature dependence of the
intensity of elastically scattered neutrons at twoQ points
using SPINS. One point is near the fcc zone center and
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many other materials under investigation (cf. HFM 2012)



Conclusions and perspectives

• Model and phase diagram which should apply to a wide spectrum of materials

• Realization of the U(1) QSL in a phase diagram for real materials

• Existence of a new phase of matter: the Coulomb FM

• Need numerics

• Need exchange constants of more materials

• Need more low temperature specific heat data

• Effects of disorder

• Effects of temperature

• Longer range interactions...
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