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What is order-by-disorder?

old idea: Villain 1980, Shender 1982, Henley 1989

so far not definitively exhibited in experiment

would be nice to do so!



What is order-by-disorder?
H =

�

i,j

�

µ,ν

J
µν
ij S

µ
i S

ν
j

Look at spin system



VOLUME 62, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1989
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In many continuous spin systems, competing interactions give nontrivial degeneracies of the classical
ground states. Degeneracy-breaking free-energy terms arise from thermal (or quantum) Iluctuations,
which select for collinear states, and from dilution, which selects for "anticollinear" (yet long-range or-
dered) states. They are explicitly computed for an XY square-lattice antiferromagnet dominated by
second-neighbor antiferromagnetic exchange. The predicted phase diagram agrees qualitatively with
simulations.

PACS numbers: 75.40.Cx, 64.60.Cn, 75.25.+z, 75.50.Kj

Many periodic vector spin systems with competing ex-
change couplings have nonunique (classical) antiferro-
magnetic ground states: These form a continuous mani-
fold of degenerate states including not only the states
trivially related by the global rotational symmetry, but
additional sets of states related by applying different ro-
tations to the various antiferromagnetic sublattices. '
There is a large class of such systems: many spinels;

all face-centered-cubic (fcc) antiferromagnets including
type-I systems' (e.g. , y-Mn), type-II systems (e.g.,
MnO), type-III systems (e.g. , Cd~ Mn Te for larger
x), ' and possibly Cu nuclear spins; triangular antifer-
romagnets (possibly stacked) ' bcc type-II (e.g. ,
Ca3Fe2Ge30~2 garnet) ' dipolar-coupled spins on a
honeycomb lattice;' ' and fully frustrated cubic sys-
tems. ' In addition, they may be realized in certain su-
perconducting arrays at particular rational values of Aux
per plaquette.
When diluted by substituting nonmagnetic impurities,

such systems are supposed to become spin glasses: e.g.,
Cd] —~Mn~ Te, a diluted magnetic semiconductor '

where the Mn ions form a diluted fcc lattice with well
understood antiferromagnetic exchange constants. ' Ex-
perimentally, at p=0.4 this system is spin-glass-like'
while at p =0.7 it shows strong (but still local) antifer-
romagnetic order. ' ' Part of the motivation of this
work is to distinguish the spin glass from other phases
with random-field-like disorder which might be present
near p =1.
Not surprisingly, perturbations —thermal Auctuations,

quantum Auctuations, or dilution —lift these degenera-
cies and select specific states, reducing the continuous
degeneracy to a discrete one. ' ' I will call this "order-
ing due to disorder" ' by analogy to the Ising case.
In this Letter I argue that, in exchange-coupled sys-

tems, thermal and quantum disorder favor collinear
states, wherein spins are aligned parallel or antiparallel
to a single direction (which itself remains free to rotate);
but random dilution favors the least collinear states,
which I will call "anticollinear. " In addition, random di-

lution often makes effective "random exchange fields"
coupling to the discrete (but not the rotational) sym-
metries like a random field. These effects all compete,
yielding two or more antiferromagnetic phases. '
In the rest of the Letter, I will outline the general ar-

guments, and display the specific calculations for a 2D
XYsystem with second-neighbor exchange, ' the simplest
possible model with both rotational symmetry and non-
trivial continuous degeneracy. The rich phase diagram
predicted for this case is consistent with Monte Carlo re-
sults. "
Model system. —Let us take 4'Y spins on a square lat-

tice (lattice constant =1) with Hamiltonian=
2 g;IJ~Icos(8; —81), where JJ =J~ (J2) for nearest

(second-nearest) neighbors. If f Jq [/f J2 [ (2, the sys-
tem in its ground state breaks up into two square
(J2XJ2) sublattices, a and b, each ordered antifer-
romagnetically (Fig. 1). To label the ground states,
choose one reference spin from each sublattice, say at
[0,0] and [0,1] with angles 8, and 8b. Then p—:8,—8b
parametrizes a nontrivial "degeneracy, " since the
ground-state energy Ep= 2N

~
J2 ~

is independent of p.
This model might be realized in a two-layer square ar-

ray of superconducting islands with one quantum of Aux
per cell, in two layers of MnTe in CdTe (fabricable by
molecular-beam epitaxy), or in two adjacent square
Cu02 layers centered on each other (as in some high-T,
superconductors), where J& is a small interlayer ex-

FIG. l. Ground state on square lattice with J2 & ——,
~ J& ~
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Order-by-disorder: an example

quantum fluctuations: zero-point energy

E = E0 + Ezero-point 

classical degeneracy lifted by the zero-point energy
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What is order-by-disorder?

when a system displays classical accidental degeneracy which 
is (at least partially) lifted by fluctuations



But:
There usually are other degeneracy breaking terms in the 
Hamiltonian:

further neighbor interactions (dipolar, exchange)

spin-orbit coupling & crystal fields

spin-phonon coupling

multiple-spin terms

etc.
So, how can we know?



How can we be sure that ObD is at 
play?

We show definitive evidence for quantum ObD in Er2Ti2O7

} hard

need a robust classical degeneracy of the ground state

protected by symmetry?

but should still be allowed to lift it!

so far none was exhibited for sure

look in frustrated magnets!
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Review of "older" literature

Hamiltonian of Er2Ti2O7

Degeneracy

Comparison with experiments

Verifiable consequences

based on arXiv 1204.1320 (to appear in PRL)

http://arxiv.org/abs/1204.1320
http://arxiv.org/abs/1204.1320
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Er2Ti2O7

Er3+ pyrochlore

local z-axes

local XY-plane

rare-earth pyrochlore family:  Ho2Ti2O7, Dy2Ti2O7, Ho2Sn2O7, Dy2Sn2O7, Er2Ti2O7, Yb2Ti2O7, 
Tb2Ti2O7, Er2Sn2O7, Tb2Sn2O7, Pr2Sn2O7, Nd2Sn2O7, Gd2Sn2O7, ...

many presentations this week: Ross, Onoda, Singh, Broholm, Lee, Petit, Bonville, Gukasov, Wan, 
Tomiyasu, Benton, Kadowaki, Liu, Lhotel, Wiebe, Henley, Fennell, Ryzhkin, Holdsworth, Dunsiger, 
Bovo, Matthews, Pan, Ishizuka, Powell, McClarty, Toews, Kycia, Jaubert, Tchernyshyov, Aczel, 
Matsuhira, Storchak, Tachibana, White, Ishikawa, Shinaoka, Yamauchi, Stewart, Shinaoka, Hallas, 
Silverstein, Clancy, Khemani, MacDougall, Clark, Yamaura

spin ices

quantum AFM

quantum spin liquids ?

behaviors:



Er2Ti2O7: Previous studies
k = 0 order

compatible with "!1"or "!2" states

specific heat: T3 behavior - Goldstone?

Goldstone mode

ally into the magnetic structure defined by !2 belonging to
the continuously degenerate IR "5. #Note that !2 is the only
noncoplanar structure among !1!5.$ Both the initial selec-
tion of k"0 and the final selection of !2 must be order by
disorder processes as the ground state manifold is macro-
scopically degenerate.
To understand this ground state selection, we analyze the

D/J→% model #i.e., spins confined to local XY planes$. We
expect that for the preferred ground state a spin wave analy-
sis should expose the presence of zero frequency modes over
an extensive region of the Brillouin zone.15 This is indeed the
case: we calculate the quadratic Hamiltonian for small dis-
placements away from a given ground state, which we sym-
metrize and diagonalize to find the normal mode spectrum.12
Applying this procedure to the state !2 gives eigenvalues

&#q! $"4J'1#cos#q•! a! /2$( ,

&#q! $"4J)1#cos'q! •#c!!b! $/2(*, #2$

where a! , b! , and c! , are the basis vectors of the primitive
rhombohedral unit cell. Hence, there are branches with
&(q! )"0 over planes in the Brillouin zone, for which q•! a!
"0 and q•! (c!!b! )"0. The same procedure when applied to
other selected ground states yields a microscopic number of
zero modes at specific points in the zone. This difference
gives the mechanism for the order by disorder selection of
!2. In this approximation the amplitude of the soft modes
diverges, giving a dominant contribution to the entropy.15
Evidence of the soft modes exists in the specific heat, as each
contributes less than 1

2 kB . As there are O(L2) modes, the
quantity 1

2 !Ch /NkB should scale as 1/L at low temperature,
as confirmed in Fig. 1. We note that the entropy contribution
to the free energy from the soft modes scales as N2/3 and so
is not extensive. While this could mean that the ordering
within the k"0 manifold occurs at a temperature-dependent

system size that goes to zero in the thermodynamic limit, no
such effect was detected in the system sizes we have studied.
Disordered states are occasionally formed in the simula-

tions, by the rotation of columns of spins with infinite length
out of an ordered state. This suggests that, starting from the
!2 state, one can introduce O(L2) independent column de-
fects, all perpendicular to a given plane. Our calculation,
giving O(L2) soft modes is compatible with this description
and is analogous to the case of the Heisenberg kagomé
antiferromagnet.15 For the latter, fluctuations out of a copla-
nar spin configuration can be described equivalently in terms
of soft propagating modes and localized zero energy excita-
tions.
The material Er2Ti2O7, which orders magnetically at

+1.2 K,9 has been suggested to approximate the ,111- XY
antiferromagnet.10,11 To test this we have determined its mag-
netic structure by powder neutron diffraction using the
POLARIS diffractometer #ISIS$. The magnetic reflections
observed below TN.1.2 K index with a propagation vector
of k"0. As the transition is continuous #see below$, the
system is expected to order under only one of the nonzero
IR’s of the Er site representations: "3,5,7,9 , as defined above.
Refinement of the magnetic structure16 showed that only the
two basis vectors !1 , !2 of "5 were consistent with the
magnetic intensity #see Figs. 1, 2$. Single crystal diffraction
data collected on the instruments E2 #HMI, Berlin$ and
PRISMA #ISIS$, allowed us to distinguish between the two
structures. The measurements were performed on a
(+8 mm3) crystal at temperatures down to 0.13 K. In order
to suppress the formation of multidomains due to the cubic
symmetry, a magnetic field was applied along the '1 1̄ 0(
direction. Below TN , we found that a field of 0.5 T caused
the #2,2,0$ magnetic Bragg peak to increase from 260 counts
to 500 counts, while the other peaks remained approximately
unchanged. This increase in the #2,2,0$ by a factor of 1.9
#0.2 is consistent with the formation of a monodomain of
the !2 ground state. We can conclude that the zero field
ordering pattern is also described by !2, in agreement with
the theory.

FIG. 1. Upper inset: tetrahedral basis projected down '001( ,
from left to right: !1 , !2 , !3 . # denotes how spins tilt out of the
plane #they lie parallel to the opposite triangular face of the tetra-
hedron$. Graph: size dependence of the simulated specific heat for
N"16L3 spins. Lower inset: experimental low temperature specific
heat vs T3 #powder sample$. A turn up low at temperature, attrib-
uted to hyperfine effects #Ref. 9$, is barely visible with this choice
of scale.

FIG. 2. Main picture: powder neutron profile refinement #PO-
LARIS, 50 mK, Rwp"1.23 %, about a third of the intensity is
magnetic$. The lower line is observed minus calculated intensity.
Inset: single crystal Bragg intensity 'PRISMA, #2,2,0$ reflection(
and fit to a power law #see text$.
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
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fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
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the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or
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along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.
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degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
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are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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resolution = 0.09 meV
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Er2Ti2O7: towards a Hamiltonian

rare-earths : intrinsic strong spin-orbit coupling

discrete cubic symmetries only

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

C3
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Er2Ti2O7: most general NN effective 
spin-1/2 Hamiltonian

strong SOC & crystal fields => J = L+S = 15/2, ! ~ 75 K
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What are the parameters for Er2Ti2O7?

local z-axes

local XY-plane

Curnoe 2008, Ross Savary Gaulin Balents 2011



Fits to experiments: Er2Ti2O7 
parameters

Jzz = −2.5 10−2, J± = 6.5 10−2, Jz± = −0.88 10−2, J±± = 4.2 10−2 meV
3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E 
(m

eV
)

E 
(m

eV
)

(-2H, H+1, H-1)

spin wave 
theory

inelastic neutron 
scattering expt

H = 3 T H//110

What are the zero-field ground states of this Hamiltonian?

recall Kate's talk on Yb2Ti2O7 this morning



0.0 0.1 0.2 0.3 0.4
0.0

0.2

0.4

0.6

0.8

J��Jzz

�J z���J
zz

FM

AFMCFM

QSL

Yb2Ti2O7

J±/Jzz

J±±/Jzz

Er2Ti2O7

Phase diagrams of pyrochlores

Ross, Savary, Gaulin and Balents 2011; Savary and Balents 2012; Lee, Onoda and Balents 2012

What are the ground states of Er2Ti2O7?

SungBin Lee
poster tomorrow



The H=0 ground states
semi-classical k = 0 ordered states

minimize classical energy:  find Emin for:

order-by-disorder Is this degeneracy robust?

Si =
1

2
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T3 behavior of CV

Goldstone mode in 
neutron scattering}

U(1) degeneracy



Proof of the robustness

Φ → e2iπ/3Φ ⇒ a = 0

This uses the discrete symmetries of H only QED

E[Φ] = aΦ2 + a∗Φ2 + b|Φ|2

independent of !

Si(α) =
1

2
Re

�
e−iα

�
âi + ib̂i

��
Ansatz

Φ =
1

2
eiαDefine

quadratic Hamiltonian   =>

C3 rotations
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What exactly we showed

classically, the ground-state degeneracy cannot be lifted

includes: long-range (dipolar) interactions, multi-spin 
terms (< 6th order = negligible), spin-lattice couplings

But:  "environment" effects = order-by-disorder (!) can do the 
job



Really just two symmetry-allowed 
possibilities
Leading-order term allowed by symmetry: 

E6 = −c (Φ6 + (Φ∗)6)

E = b|Φ|2 + ...

∼ ± cos 6α six-fold degeneracy

Let's look at all of this!

The sign of c determines how the degeneracy is lifted

ally into the magnetic structure defined by !2 belonging to
the continuously degenerate IR "5. #Note that !2 is the only
noncoplanar structure among !1!5.$ Both the initial selec-
tion of k"0 and the final selection of !2 must be order by
disorder processes as the ground state manifold is macro-
scopically degenerate.
To understand this ground state selection, we analyze the

D/J→% model #i.e., spins confined to local XY planes$. We
expect that for the preferred ground state a spin wave analy-
sis should expose the presence of zero frequency modes over
an extensive region of the Brillouin zone.15 This is indeed the
case: we calculate the quadratic Hamiltonian for small dis-
placements away from a given ground state, which we sym-
metrize and diagonalize to find the normal mode spectrum.12
Applying this procedure to the state !2 gives eigenvalues

&#q! $"4J'1#cos#q•! a! /2$( ,

&#q! $"4J)1#cos'q! •#c!!b! $/2(*, #2$

where a! , b! , and c! , are the basis vectors of the primitive
rhombohedral unit cell. Hence, there are branches with
&(q! )"0 over planes in the Brillouin zone, for which q•! a!
"0 and q•! (c!!b! )"0. The same procedure when applied to
other selected ground states yields a microscopic number of
zero modes at specific points in the zone. This difference
gives the mechanism for the order by disorder selection of
!2. In this approximation the amplitude of the soft modes
diverges, giving a dominant contribution to the entropy.15
Evidence of the soft modes exists in the specific heat, as each
contributes less than 1

2 kB . As there are O(L2) modes, the
quantity 1

2 !Ch /NkB should scale as 1/L at low temperature,
as confirmed in Fig. 1. We note that the entropy contribution
to the free energy from the soft modes scales as N2/3 and so
is not extensive. While this could mean that the ordering
within the k"0 manifold occurs at a temperature-dependent

system size that goes to zero in the thermodynamic limit, no
such effect was detected in the system sizes we have studied.
Disordered states are occasionally formed in the simula-

tions, by the rotation of columns of spins with infinite length
out of an ordered state. This suggests that, starting from the
!2 state, one can introduce O(L2) independent column de-
fects, all perpendicular to a given plane. Our calculation,
giving O(L2) soft modes is compatible with this description
and is analogous to the case of the Heisenberg kagomé
antiferromagnet.15 For the latter, fluctuations out of a copla-
nar spin configuration can be described equivalently in terms
of soft propagating modes and localized zero energy excita-
tions.
The material Er2Ti2O7, which orders magnetically at

+1.2 K,9 has been suggested to approximate the ,111- XY
antiferromagnet.10,11 To test this we have determined its mag-
netic structure by powder neutron diffraction using the
POLARIS diffractometer #ISIS$. The magnetic reflections
observed below TN.1.2 K index with a propagation vector
of k"0. As the transition is continuous #see below$, the
system is expected to order under only one of the nonzero
IR’s of the Er site representations: "3,5,7,9 , as defined above.
Refinement of the magnetic structure16 showed that only the
two basis vectors !1 , !2 of "5 were consistent with the
magnetic intensity #see Figs. 1, 2$. Single crystal diffraction
data collected on the instruments E2 #HMI, Berlin$ and
PRISMA #ISIS$, allowed us to distinguish between the two
structures. The measurements were performed on a
(+8 mm3) crystal at temperatures down to 0.13 K. In order
to suppress the formation of multidomains due to the cubic
symmetry, a magnetic field was applied along the '1 1̄ 0(
direction. Below TN , we found that a field of 0.5 T caused
the #2,2,0$ magnetic Bragg peak to increase from 260 counts
to 500 counts, while the other peaks remained approximately
unchanged. This increase in the #2,2,0$ by a factor of 1.9
#0.2 is consistent with the formation of a monodomain of
the !2 ground state. We can conclude that the zero field
ordering pattern is also described by !2, in agreement with
the theory.

FIG. 1. Upper inset: tetrahedral basis projected down '001( ,
from left to right: !1 , !2 , !3 . # denotes how spins tilt out of the
plane #they lie parallel to the opposite triangular face of the tetra-
hedron$. Graph: size dependence of the simulated specific heat for
N"16L3 spins. Lower inset: experimental low temperature specific
heat vs T3 #powder sample$. A turn up low at temperature, attrib-
uted to hyperfine effects #Ref. 9$, is barely visible with this choice
of scale.

FIG. 2. Main picture: powder neutron profile refinement #PO-
LARIS, 50 mK, Rwp"1.23 %, about a third of the intensity is
magnetic$. The lower line is observed minus calculated intensity.
Inset: single crystal Bragg intensity 'PRISMA, #2,2,0$ reflection(
and fit to a power law #see text$.
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ally into the magnetic structure defined by !2 belonging to
the continuously degenerate IR "5. #Note that !2 is the only
noncoplanar structure among !1!5.$ Both the initial selec-
tion of k"0 and the final selection of !2 must be order by
disorder processes as the ground state manifold is macro-
scopically degenerate.
To understand this ground state selection, we analyze the

D/J→% model #i.e., spins confined to local XY planes$. We
expect that for the preferred ground state a spin wave analy-
sis should expose the presence of zero frequency modes over
an extensive region of the Brillouin zone.15 This is indeed the
case: we calculate the quadratic Hamiltonian for small dis-
placements away from a given ground state, which we sym-
metrize and diagonalize to find the normal mode spectrum.12
Applying this procedure to the state !2 gives eigenvalues

&#q! $"4J'1#cos#q•! a! /2$( ,

&#q! $"4J)1#cos'q! •#c!!b! $/2(*, #2$

where a! , b! , and c! , are the basis vectors of the primitive
rhombohedral unit cell. Hence, there are branches with
&(q! )"0 over planes in the Brillouin zone, for which q•! a!
"0 and q•! (c!!b! )"0. The same procedure when applied to
other selected ground states yields a microscopic number of
zero modes at specific points in the zone. This difference
gives the mechanism for the order by disorder selection of
!2. In this approximation the amplitude of the soft modes
diverges, giving a dominant contribution to the entropy.15
Evidence of the soft modes exists in the specific heat, as each
contributes less than 1

2 kB . As there are O(L2) modes, the
quantity 1

2 !Ch /NkB should scale as 1/L at low temperature,
as confirmed in Fig. 1. We note that the entropy contribution
to the free energy from the soft modes scales as N2/3 and so
is not extensive. While this could mean that the ordering
within the k"0 manifold occurs at a temperature-dependent

system size that goes to zero in the thermodynamic limit, no
such effect was detected in the system sizes we have studied.
Disordered states are occasionally formed in the simula-

tions, by the rotation of columns of spins with infinite length
out of an ordered state. This suggests that, starting from the
!2 state, one can introduce O(L2) independent column de-
fects, all perpendicular to a given plane. Our calculation,
giving O(L2) soft modes is compatible with this description
and is analogous to the case of the Heisenberg kagomé
antiferromagnet.15 For the latter, fluctuations out of a copla-
nar spin configuration can be described equivalently in terms
of soft propagating modes and localized zero energy excita-
tions.
The material Er2Ti2O7, which orders magnetically at

+1.2 K,9 has been suggested to approximate the ,111- XY
antiferromagnet.10,11 To test this we have determined its mag-
netic structure by powder neutron diffraction using the
POLARIS diffractometer #ISIS$. The magnetic reflections
observed below TN.1.2 K index with a propagation vector
of k"0. As the transition is continuous #see below$, the
system is expected to order under only one of the nonzero
IR’s of the Er site representations: "3,5,7,9 , as defined above.
Refinement of the magnetic structure16 showed that only the
two basis vectors !1 , !2 of "5 were consistent with the
magnetic intensity #see Figs. 1, 2$. Single crystal diffraction
data collected on the instruments E2 #HMI, Berlin$ and
PRISMA #ISIS$, allowed us to distinguish between the two
structures. The measurements were performed on a
(+8 mm3) crystal at temperatures down to 0.13 K. In order
to suppress the formation of multidomains due to the cubic
symmetry, a magnetic field was applied along the '1 1̄ 0(
direction. Below TN , we found that a field of 0.5 T caused
the #2,2,0$ magnetic Bragg peak to increase from 260 counts
to 500 counts, while the other peaks remained approximately
unchanged. This increase in the #2,2,0$ by a factor of 1.9
#0.2 is consistent with the formation of a monodomain of
the !2 ground state. We can conclude that the zero field
ordering pattern is also described by !2, in agreement with
the theory.

FIG. 1. Upper inset: tetrahedral basis projected down '001( ,
from left to right: !1 , !2 , !3 . # denotes how spins tilt out of the
plane #they lie parallel to the opposite triangular face of the tetra-
hedron$. Graph: size dependence of the simulated specific heat for
N"16L3 spins. Lower inset: experimental low temperature specific
heat vs T3 #powder sample$. A turn up low at temperature, attrib-
uted to hyperfine effects #Ref. 9$, is barely visible with this choice
of scale.

FIG. 2. Main picture: powder neutron profile refinement #PO-
LARIS, 50 mK, Rwp"1.23 %, about a third of the intensity is
magnetic$. The lower line is observed minus calculated intensity.
Inset: single crystal Bragg intensity 'PRISMA, #2,2,0$ reflection(
and fit to a power law #see text$.
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Evolution of the ground state 
degeneracy with a field

scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).

PRL 101, 147205 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

147205-3

scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).

PRL 101, 147205 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

147205-3

scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
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is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or
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and coloured red and blue. (c) The measured field dependence of
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ally into the magnetic structure defined by !2 belonging to
the continuously degenerate IR "5. #Note that !2 is the only
noncoplanar structure among !1!5.$ Both the initial selec-
tion of k"0 and the final selection of !2 must be order by
disorder processes as the ground state manifold is macro-
scopically degenerate.
To understand this ground state selection, we analyze the

D/J→% model #i.e., spins confined to local XY planes$. We
expect that for the preferred ground state a spin wave analy-
sis should expose the presence of zero frequency modes over
an extensive region of the Brillouin zone.15 This is indeed the
case: we calculate the quadratic Hamiltonian for small dis-
placements away from a given ground state, which we sym-
metrize and diagonalize to find the normal mode spectrum.12
Applying this procedure to the state !2 gives eigenvalues

&#q! $"4J'1#cos#q•! a! /2$( ,

&#q! $"4J)1#cos'q! •#c!!b! $/2(*, #2$

where a! , b! , and c! , are the basis vectors of the primitive
rhombohedral unit cell. Hence, there are branches with
&(q! )"0 over planes in the Brillouin zone, for which q•! a!
"0 and q•! (c!!b! )"0. The same procedure when applied to
other selected ground states yields a microscopic number of
zero modes at specific points in the zone. This difference
gives the mechanism for the order by disorder selection of
!2. In this approximation the amplitude of the soft modes
diverges, giving a dominant contribution to the entropy.15
Evidence of the soft modes exists in the specific heat, as each
contributes less than 1

2 kB . As there are O(L2) modes, the
quantity 1

2 !Ch /NkB should scale as 1/L at low temperature,
as confirmed in Fig. 1. We note that the entropy contribution
to the free energy from the soft modes scales as N2/3 and so
is not extensive. While this could mean that the ordering
within the k"0 manifold occurs at a temperature-dependent

system size that goes to zero in the thermodynamic limit, no
such effect was detected in the system sizes we have studied.
Disordered states are occasionally formed in the simula-

tions, by the rotation of columns of spins with infinite length
out of an ordered state. This suggests that, starting from the
!2 state, one can introduce O(L2) independent column de-
fects, all perpendicular to a given plane. Our calculation,
giving O(L2) soft modes is compatible with this description
and is analogous to the case of the Heisenberg kagomé
antiferromagnet.15 For the latter, fluctuations out of a copla-
nar spin configuration can be described equivalently in terms
of soft propagating modes and localized zero energy excita-
tions.
The material Er2Ti2O7, which orders magnetically at

+1.2 K,9 has been suggested to approximate the ,111- XY
antiferromagnet.10,11 To test this we have determined its mag-
netic structure by powder neutron diffraction using the
POLARIS diffractometer #ISIS$. The magnetic reflections
observed below TN.1.2 K index with a propagation vector
of k"0. As the transition is continuous #see below$, the
system is expected to order under only one of the nonzero
IR’s of the Er site representations: "3,5,7,9 , as defined above.
Refinement of the magnetic structure16 showed that only the
two basis vectors !1 , !2 of "5 were consistent with the
magnetic intensity #see Figs. 1, 2$. Single crystal diffraction
data collected on the instruments E2 #HMI, Berlin$ and
PRISMA #ISIS$, allowed us to distinguish between the two
structures. The measurements were performed on a
(+8 mm3) crystal at temperatures down to 0.13 K. In order
to suppress the formation of multidomains due to the cubic
symmetry, a magnetic field was applied along the '1 1̄ 0(
direction. Below TN , we found that a field of 0.5 T caused
the #2,2,0$ magnetic Bragg peak to increase from 260 counts
to 500 counts, while the other peaks remained approximately
unchanged. This increase in the #2,2,0$ by a factor of 1.9
#0.2 is consistent with the formation of a monodomain of
the !2 ground state. We can conclude that the zero field
ordering pattern is also described by !2, in agreement with
the theory.

FIG. 1. Upper inset: tetrahedral basis projected down '001( ,
from left to right: !1 , !2 , !3 . # denotes how spins tilt out of the
plane #they lie parallel to the opposite triangular face of the tetra-
hedron$. Graph: size dependence of the simulated specific heat for
N"16L3 spins. Lower inset: experimental low temperature specific
heat vs T3 #powder sample$. A turn up low at temperature, attrib-
uted to hyperfine effects #Ref. 9$, is barely visible with this choice
of scale.

FIG. 2. Main picture: powder neutron profile refinement #PO-
LARIS, 50 mK, Rwp"1.23 %, about a third of the intensity is
magnetic$. The lower line is observed minus calculated intensity.
Inset: single crystal Bragg intensity 'PRISMA, #2,2,0$ reflection(
and fit to a power law #see text$.
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and is analogous to the case of the Heisenberg kagomé
antiferromagnet.15 For the latter, fluctuations out of a copla-
nar spin configuration can be described equivalently in terms
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tions.
The material Er2Ti2O7, which orders magnetically at
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observed below TN.1.2 K index with a propagation vector
of k"0. As the transition is continuous #see below$, the
system is expected to order under only one of the nonzero
IR’s of the Er site representations: "3,5,7,9 , as defined above.
Refinement of the magnetic structure16 showed that only the
two basis vectors !1 , !2 of "5 were consistent with the
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).

PRL 101, 147205 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

147205-3

scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
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position, one being essentially dispersionless at!0:4 meV
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180" and half need not move at all. A simple picture
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to the calculated Bragg intensities displayed in Fig. 3(d).
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plane, and a subset of these results are reported in Fig. 4. In
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accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
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resolution = 0.09 meV

The gap: we know everything 
about the spin wave spectrum
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Domain wall width
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The specific heat
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spin wave theory
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Further considerations: MFT

110 field: 2nd order phase transition (Ising)

111 field: 1st order (Potts)

etc.

H//110

Hcexp = 1.75 T

Tcexp = 1.1 K

perfect agreement

f = 2.1   cf. MFT 
neglects fluctuations

Tcexp

Tcexp



Conclusions and perspectives
first definitive proof of the experimental realization of order-by-disorder: so far examples where 
result could always be disputed, including in ETO - full Hamiltonian, no room for speculations

conclusive determination of quantumness

calculation of associated quantities

other materials and lattices (kagomé?)

needed experiments:

experiments on field-cooled samples

lower-temperature specific heat

more field directions

gap:  NMR?

gap:  higher resolution neutron scattering
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