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Rare-earth pyrochlores

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

lots of room for diverse behaviors!

spin ices

quantum AFM

quantum spin liquids ?

spin ice ?

behaviors:• 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, ...



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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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
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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
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excitation into spin wave modes is observed [panels (d) and
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ingly gapped by the Zeeman energy and become nearly
resolution-limited, having a full width of approximately
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branches are observed in this field induced state: one
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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
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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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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,-
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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
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General NN exchange Hamiltonian for effective spins 1/2

to each material corresponds a set of J's
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What is the phase diagram ?  

Are there any exotic phases there ?
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Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011
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"Known" classical and quantum SLs

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 

Szr,r+eµ
= szr,r+eµ

S+r,r+eµ
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r s
+
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Φr+eµ

�
Φr → Φr e−iχr

s±rr� → s±rr�e
±i(χr�−χr)

U(1) gauge symmetry

i = [r,r+eμ]

dual diamond lattice

the slave particles have a simple interpretation
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spinon, s = 1/2



gauge Mean Field Theory (gMFT)
Φ†Φ s s → Φ†Φ�s��s�+ �Φ†Φ�s�s�+ �Φ†Φ��s�s− 2�Φ†Φ��s��s�

Solve the consistency equations

hopping Hamiltonian for spinons in 
fixed (but self-consistent) background
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our spinons are bosons
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Insight into the exotic phases

• superposition of states

• inelastic structure factor

|ψ� ∼ equal-weight quantum superposition of 2-in-2-out states
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The Coulomb ferromagnet

• magnetized
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• inelastic neutron scattering:

• photon

• spinon

Signatures of the deconfined phases

• specific heat:

• photon
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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 very-low temperature specific heat data

• Effects of disorder

• Effects of temperature

• Longer range interactions...
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