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Below TN = 1.1 K, the XY pyrochlore Er2Ti2O7 orders into a k = 0 non-collinear, antiferro-
magnetic structure referred to as the ψ2 state. The magnetic order in Er2Ti2O7 is known to obey
conventional three dimensional (3D) percolation in the presence of magnetic dilution, and in that
sense is robust to disorder. Recently, however, two theoretical studies have predicted that the ψ2

structure should be unstable to the formation of a related ψ3 magnetic structure in the presence
of magnetic vacancies. To investigate these theories, we have carried out systematic elastic and
inelastic neutron scattering studies of three single crystals of Er2−xYxTi2O7 with x = 0 (pure),
0.2 (10%-Y) and 0.4 (20%-Y), where magnetic Er3+ is substituted by non-magnetic Y3+. We find
that the predicted change in ground state selection, from ψ2 to ψ3, does not occur, and yet the
ground state is still significantly affected by magnetic dilution. The characteristic domain selection
associated with the ψ2 state, and the corresponding energy gap separating ψ2 from ψ3, vanish for
Y3+ substitutions between 10%-Y and 20%-Y, far removed from the 3D percolation threshold of
∼60%-Y. The resulting ground state for Er2Ti2O7 with magnetic dilutions from 20%-Y up to the
percolation threshold is naturally interpreted as a frozen mosaic of ψ2 and ψ3 domains.

PACS numbers: 75.25.-j,75.10.Kt,75.40.Gb,71.70.Ch

The network of corner-sharing tetrahedra that make up
the pyrochlore lattice is one of the canonical architectures
for geometrical frustration in three dimensions [1]. In the
pyrochlore magnets with chemical composition A2B2O7,
each of the A3+ and B4+ sublattices independently form
such a network, that can be decorated by many ions.
The rare earth titanate family, R2Ti2O7, which features
a single magnetic R3+ site and non-magnetic Ti4+ on the
B-site, has been of specific interest. This family displays
a great variety of exotic magnetic ground states, includ-
ing classical [2–4] and quantum spin ice [5–8], as well as
spin liquid states [9–11]. Such exotic states arise from
different combinations of magnetic anisotropies with dif-
fering exchange and dipolar interactions, depending on
the nature of the R3+ magnetic ion.

Much current interest is focused on the XY antifer-
romagnetic pyrochlore Er2Ti2O7, which displays an an-
tiferromagnetic Curie-Weiss susceptibility with θCW =
−22 K [12]. Crystal field effects on Er3+ in this envi-
ronment give rise to a g-tensor with XY anisotropy [13–
15]. In contrast to the exotic ground states displayed by
other members of the R2Ti2O7 family, Er2Ti2O7 has a
rather conventional k = 0, Γ5 antiferromagnetic ground
state below TN = 1.1 K [12, 16–19]. Γ5 is made up
of two basis vectors, referred to as ψ2 and ψ3, and so-
phisticated magnetic crystallography was used to iden-
tify the ordered structure in Er2Ti2O7 as ψ2 [16]. The
microscopic spin Hamiltonian for Er2Ti2O7 was deter-
mined through measurements of the spin wave disper-
sions within its field polarized state [20, 21]. This work,

amongst others [12, 22, 23], has provided an explana-
tion for the selection of ψ2 within the Γ5 manifold in
terms of a quantum order-by-disorder mechanism. The
order-by-disorder scenario has been further strengthened
by works showing that thermal fluctuations also select ψ2

over ψ3 [24–27]. A spin wave gap of 0.053±0.006 meV has
been successfully measured in Er2Ti2O7, consistent with
the order-by-disorder mechanism [28]. Recently, there
has been a proposal that the selection of the ψ2 ordered
state could also occur via higher multipolar interactions,
originating from virtual crystal field transitions [21, 29].

The phase transition to the ψ2 antiferromagnetic or-
dered state in Er2Ti2O7 is unusual amongst the R2Ti2O7

family by virtue of how conventional it is. In contrast to
Yb2Ti2O7 [30–32] and Tb2Ti2O7 [33, 34], there appears
to be no sample dependence to its low temperature phase
diagram. Also, systematic studies of magnetic dilution
at the rare earth site in Er2Ti2O7 are consistent with
three dimensional (3D) percolation theory [35]. It was
therefore surprising that two recent, independent theo-
retical works predicted that, upon magnetic dilution, the
ψ2 ground state selection in Er2Ti2O7 should be unsta-
ble to the selection of its ψ3 partner within the Γ5 man-
ifold [36, 37].

Such a possible ψ2 to ψ3 phase transition upon mag-
netic dilution in Er2Ti2O7 has yet to be explored exper-
imentally and is the topic of this manuscript. The phase
transition between ψ2 and ψ3 in Er2Ti2O7 is predicted to
occur near a critical dilution of ∼10% [36, 37]. As Y3+

is non-magnetic and comparable in size to Er3+, it is an
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FIG. 1. Magnetic Bragg peak intensity for Q = (220) as a function of field for the pure, 10%-Y and 20%-Y diluted samples of
Er2−xYxTi2O7. The elastic scattering was isolated by integrating from −0.2 to 0.2 in the [00L] direction and from −0.1 to 0.1
meV in energy transfer. The insets show the integrated intensity of the long range ordered component of the scattering for each
of the three samples. Examples of the fits used to obtain these intensities are shown in Fig.1 of the Supplemental Material.
The dashed line in the inset of (b) indicates the expected behavior for the 10%-Y sample at 1.75 T.

TN (K) θCW(K) µeff/Er3+

Er2Ti2O7(0%) 1.1(1) −18.0(2) 9.555(4) µB

Er1.8Y0.2Ti2O7(10%) 1.04(5) −17.2(3) 8.965(7) µB

Er1.6Y0.4Ti2O7(20%) 0.74(8) −17.7(3) 8.523(6) µB

TABLE I. Summary of the dc susceptibility measurements
performed on each of Er2−xYxTi2O7 with 0%, 10% and 20%
yttrium-doped samples. The full data are shown in the Sup-
plemental Material.

ideal ion to employ for magnetic dilution studies. Hence,
we have grown single crystal samples of Er2−xYxTi2O7

with x = 0 (pure), 0.2 (10%-Y) and 0.4 (20%-Y) to in-
vestigate a possible change in the magnetic ground state.
We performed time-of-flight inelastic neutron scattering
measurements on these three single crystals at various
temperatures and magnetic fields. Our results show that
the signature for ψ2 long range magnetic order disappears
upon dilution, but without the system ordering into ψ3.
Instead, we observe a softening of the zero field, low en-
ergy excitations at the (220) ordering wavevector, consis-
tent with a closing of the spin gap. At a relatively high
level of magnetic dilution, on the order of 20%-Y, the
system cannot globally select the ψ2 state over ψ3, and
we suggest that it forms a frozen mosaic of both ψ2 and
ψ3 domains.

The three Er2−xYxTi2O7 samples were characterized
by dc magnetic susceptibility, and these results are sum-
marized in Table I. In each case, the transition to the
ordered phase is marked by a cusp and a bifurcation of
the field cooled and zero field cooled susceptibilities, as
shown in the Supplemental Material [38]. Both the Néel
temperature and the paramagnetic moment per formula
unit systematically decrease as a function of the magnetic
dilution. The Curie-Weiss temperature (θCW) does not
vary appreciably in these three materials, ranging from
−17.2(3) K to −18.0(2) K.

We performed time-of-flight elastic and inelastic neu-
tron scattering on these three single crystals using the

Disc Chopper Spectrometer at the NIST Center for Neu-
tron Research [39]. Measurements were performed in a
dilution refrigerator in both zero magnetic field and an
applied magnetic field along the [1,-1,0] direction, per-
pendicular to the (HHL) scattering plane. For each of the
three samples, magnetic Bragg peaks form below their
respective Néel transitions (see Table I). The relative in-
tensities of the magnetic Bragg reflections in the 10%-Y
and 20%-Y crystals are unchanged from pure Er2Ti2O7.
That is to say, all three order into the Γ5 irreducible rep-
resentation, which is dominated by an intense magnetic
Bragg reflection at (220). In large magnetic fields, all
three enter a field polarized state, characterized by an
intense (111) magnetic Bragg reflection and the disap-
pearance of the (220) magnetic reflection [40, 41].

The Γ5 irreducible representation is comprised of two
basis vectors, ψ2 and ψ3, which are indistinguishable
in an unpolarized elastic neutron scattering experiment.
However, the distinction between ψ2 and ψ3 ground state
selection can be resolved by considering the magnetic
field dependence of the (220) magnetic Bragg peak. Both
ψ2 and ψ3 display six distinct domains that are degener-
ate in zero field. This degeneracy is lifted by the applica-
tion of a small magnetic field along the [1,-1,0] direction,
which selects out two of these six domains [20, 42, 43].
For ψ2, the two domains selected in a magnetic field are
the ones that maximize the (220) magnetic Bragg peak,
resulting in a twofold increase of its intensity. Conversely,
for ψ3, the scenario is the opposite where the two domains
selected in a field are the ones that give the smallest con-
tribution to the (220) magnetic Bragg peak. We note
these domain effects occur in small [1,-1,0] fields, signif-
icantly below the onset of the field polarized state. The
effect of the canting angle on the (220) Bragg peak inten-
sity have been well characterized for Er2Ti2O7 [40, 41, 44]
and little effect is seen on it’s intensity between 0.1T and
1T. Hence, we used a field of 0.5T to investigate domain
effects, which, is sufficiently large to overcome pinning of
domains by disorder in a small field.
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FIG. 2. Spin wave spectra along three different directions in the HHL plane: [HH0], [22L], and [HHH], all at T =0.1 K. The
spectra are shown for each of the three samples in zero magnetic field, and with magnetic fields of 0.5 T, 1 T, and 3 T applied
along the [1-10] direction. The contour plots along the [HH0], [22L] and [HHH] directions are obtained by integrating the 3D

data set, S( ~Q,E), over −0.2 ≤ [00L] ≤ 0.2, 1.8 ≤ [HH0] ≤ 2.2 and 0.2 ≤ [HH − 2H] ≤ 0.2, respectively.

Knowing how to distinguish ψ2 from ψ3, we can now
test the two theoretical predictions that magnetic dilu-
tion should induce a transition from ψ2 to ψ3 [36, 37].
Accordingly, we first consider the elastic scattering from
the three crystals at the (220) Bragg position in zero
field, 0.5 T and 3 T, as shown in Fig. 1. The intensi-
ties have been normalized using the Bragg intensity at
H = 3T, which corresponds to the polarized state where
the scattered intensity at (220) is purely structural. As
the field is increased to 0.5 T, we observe a marked in-
crease in the peak intensity for the pure sample as well as
for the 10%-Y doped sample, but not for the 20%-Y di-
luted crystal. More striking is the evolution of the shape
of the (220) Bragg peak with magnetic dilution. In zero
field, the undoped sample exhibits a resolution-limited
Bragg peak with a small amount of diffuse scattering
extending out along [HH0] (Fig. 1(a)). Upon dilution,
the relative contribution of the resolution-limited Bragg
scattering weakens with a corresponding increase in the
diffuse scattering, such that the lineshape of the 20%-Y
sample is dominated by a Lorentzian form in both zero
field and at 0.5 T (Fig. 1(c)).

To determine the origin of the diffuse scattering around
(220), we look to the full inelastic neutron spectra in
Fig. 2. These data are shown along three reciprocal space
directions for each of the three samples in four different
magnetic fields applied along the [1,-1,0] direction. In
zero field (top row of Fig. 2), the spin waves of the three
samples are qualitatively similar, consisting of one flat
branch near 0.4 meV and quasi-Goldstone modes which
soften at (111) and (220). A previous high resolution
inelastic neutron scattering study of the pure sample de-
termined that the quasi-Goldstone modes are gapped by
0.053 ± 0.006 meV [28]. As the energy resolution as-
sociated with the present inelastic measurements is 0.09

meV, elastic cuts of the form shown in Fig. 1 necessar-
ily integrate over some of the spectral weight of these
quasi-Goldstone modes. Thus, for the pure sample, this
low energy inelastic scattering is the origin of the dif-
fuse scattering observed in our cuts over (220) in Fig. 1.
However for the 10%-Y and especially the 20%-Y sam-
ple, our data suggests that the spin gap is reduced from
0.053 meV, allowing for additional quasi-elastic and elas-
tic magnetic scattering, characteristic of a frozen mosaic
of ψ2 and ψ3 domains.

In order to understand the contributions to the scat-
tering in the cuts of Fig. 1, we fit each elastic data set
to the sum of a Gaussian and a Lorentzian lineshape,
quantifying the magnetic long-range order (LRO) and
the dynamic, quasi-elastic or frozen spin contributions,
respectively. An example of such a fit for each sample
is shown in the Supplemental Material [38]. The result-
ing fits show that the relative contribution of the diffuse,
Lorentzian lineshape grows as a function of doping and
accounts for ∼75% of the Q-integrated scattering near
(220) in the 20%-Y sample at T = 0.1 K and zero field.
We therefore suggest that with increasing magnetic dilu-
tion, x, the spin excitations near (220) in Er2−xYxTi2O7

soften to lower energies and freeze. This is likely the
result of a collapsing spin gap, a direct measure of the
selection of ψ2 over ψ3.

We can now isolate the LRO component of the elastic
scattering and study its field dependence at T = 0.1 K.
Once again, we use the fits to the scattering around (220),
wherein a resolution-limited Gaussian lineshape repre-
sents the LRO and a broadened Lorentzian represents
the dynamic, quasi-elastic and frozen spin response cap-
tured by our finite energy resolution. The LRO inte-
grated intensity at (220) is shown as a function of a [1,-
1,0] magnetic field for each sample in the insets of Fig. 1.
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FIG. 3. Inelastic intensity as a function of energy at the
(220) Bragg position for the pure, 10%-Y and 20%-Y di-
luted samples of Er2−xYxTi2O7. These plots are obtained

by integrating the 3D data sets S( ~Q,E) at T = 0.1 K over
1.6 ≤ [HH0] ≤ 2.4 and −0.5 ≤ [00L] ≤ 0.5.

FIG. 4. (a) The schematic temperature-dilution phase dia-
gram for Er2−xYxTi2O7. A dilution between 10%-Y and 20%-
Y marks a crossover from a pure ψ2 state into a frozen mosaic
of ψ2 and ψ3 domains. The six discrete domains allowed by
(b) ψ2 and (c) ψ3 within the XY plane. (d) Schematic illus-
tration of the state at moderate dilution showing the mosaic
of ψ2 and ψ3 domains.

Comparing the LRO intensity at zero field and 0.5 T, we
observe a twofold increase for both the pure and 10%-
Y samples, while the LRO is unchanged for the 20%-Y
sample. This is a clear indication, via the domain selec-
tion scenario described above, that the pure and 10%-Y
samples order into ψ2, but the 20%-Y sample does not.
Furthermore, it is clear that these results are inconsistent
with the detailed theoretical predictions that low levels
of magnetic dilution should induce a transition from ψ2

to ψ3 [36, 37]. Indeed, neither the 10%-Y or 20%-Y sam-
ples order into ψ3 as would be evidenced by an abrupt
decrease of the (220) elastic intensity at H = 0.5 T.

A striking feature of Fig. 1, is the almost complete
absence of diffuse scattering around (220) at H = 0.5 T
for both the pure and 10%-Y samples, but not the 20%-Y

sample. Examination of the detailed spin wave spectra in
Fig. 2, shows that a 0.5 T field gaps the quasi-Goldstone
mode at (220) in the pure and 10%-Y samples (second
row of Fig. 2). Meanwhile, quasi-elastic scattering per-
sists around (220) in the 20%-Y sample to fields greater
than 1 T. To quantify this effect, we integrated a small
portion of reciprocal space around (220) and plotted the
energy dependence of this scattering in zero field and
0.5 T for all three samples (Fig. 3). It is clear that the
quasi-elastic scattering from the quasi-Goldstone modes
in the pure and 10%-Y samples are gapped by ∼0.3 meV
in a 0.5 T field. However, for the 20%-Y sample, the zero
field excitations are soften and the application of a 0.5 T
magnetic field makes little difference to the low energy
spectral weight near (220). Both of these observations
are consistent with the absence of a spin wave gap and
the associated domain selection in a magnetic field in the
20%-Y sample .

We propose the schematic phase diagram shown in
Fig. 4 to describe the magnetic state in magnetically
diluted Er2−xYxTi2O7. The phase transition and ψ2

ground state selection are already well-established in the
pure material [12, 16], along with the concomitant open-
ing of a 0.053 ± 0.006 meV spin wave gap at TN =
1.1 K [28]. Heat capacity measurements as a function
of magnetic dilution are consistent with conventional 3D
percolation theory [45], and a percolation threshold near
60%-Y has also been established [35]. The present mea-
surements on magnetically diluted single crystal samples
shows that ψ2 domain selection is observed at low tem-
peratures for the 10%-Y sample but not for the 20%-Y
sample. This strongly suggests the presence of a phase
boundary that mirrors the collapse of the spin gap as
a function of dilution, indicated by the dashed line in
Fig. 4(a). Weak dilution to the left of the dashed line
produces a stable set of ψ2 domains (Fig. 4(b)), at least
above our minimum T = 0.1 K. However, to the right of
the dashed line, the spin gap collapses and there is no
mechanism for selection of ψ2 over ψ3. A ground state
characterized by a linear combination of ψ2 and ψ3 form-
ing the full U(1) manifold is consistent with our data.
However, in light of the theoretical study of ref [36, 37],
it is then natural to think of the diluted system forming
a frozen mosaic of ψ2 and ψ3 domains, with the ψ3 do-
mains (Fig. 4(c)) pinned by locally high concentrations
of the quenched vacancies (Fig. 4(d)). It is interesting to
note that a similar mixed ψ2 and ψ3 state is also observed
in NaCaCo2F7 but believed to originate from bond dis-
order [46].

We find no evidence for the theoretically-predicted
transition between the ψ2 and ψ3 ordered states in the
presence of magnetic vacancies in Er2−xYxTi2O7. Mea-
surements as a function of temperature in our most mag-
netically dilute sample, 20%-Y, provides no evidence for
an additional phase transition between TN = 0.74(8) K
and our base temperature of 0.1 K, as shown in Fig. 3 of
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the Supplemental Material [38]. Nonetheless, we do iden-
tify a change in phase behavior between ψ2 and a ground
state characterized by no selection of ψ2 over ψ3, likely a
frozen mosaic of the two, all at dilution concentrations far
below the 3D percolation threshold. Clearly, the preced-
ing theoretical work correctly identified the sensitivity of
the ψ2 ground state selection to the presence of this form
of quenched disorder, if not the detailed manifestation of
the disorder on the phase behavior. As such, we hope
our characterization of the spin statics and dynamics in
single crystal Er2−xYxTi2O7, and low temperature phase
behavior as a function of dilution, will motivate a com-
plete understanding of these exotic, and fragile, ordered
states.
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[18] P. Dalmas de Réotier, A. Yaouanc, Y. Chapuis,
S. Curnoe, B. Grenier, E. Ressouche, C. Marin, J. Lago,
C. Baines, and S. Giblin, Phys. Rev. B 86, 104424
(2012).
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