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Er,Sn,O; remains a puzzling case among the extensively studied frustrated compounds of the rare-earth
pyrochlore family. Indeed, while a first-order transition towards a long-range antiferromagnetic state with
the so-called Palmer-Chalker structure is theoretically predicted, it has not yet been observed, leaving the
issue as to whether it is a spin-liquid candidate open. We report on neutron scattering and magnetization
measurements which evidence a second-order transition towards this Palmer-Chalker ordered state around
108 mK. Extreme care was taken to ensure a proper thermalization of the sample, which has proved to be
crucial to successfully observe the magnetic Bragg peaks. At the transition, a gap opens in the excitations,
superimposed on a strong quasielastic signal. The exchange parameters, refined from a spin-wave
analysis in applied magnetic field, confirm that Er,Sn,0; is a realization of the dipolar XY pyrochlore

antiferromagnet. The proximity of competing phases and the strong XY anisotropy of the Er** magnetic
moment might be at the origin of enhanced fluctuations, leading to the unexpected nature of the transition,
the low ordering temperature, and the observed multiscale dynamics.
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Frustration in magnetism is usually characterized by the
inability of a system to condense into an ordered state, even
well below the temperature range of the magnetic inter-
actions [1]. This reflects the presence, at the classical level,
of a large ground-state degeneracy, which prevents the
system from choosing a unique ground state. Nevertheless,
the system may eventually order owing to the presence of
additional terms in the Hamiltonian, like second-neighbor
or Dzyaloshinski-Moriya interactions, or owing to “order by
disorder” phenomena [2,3], which lift the degeneracy and
stabilize a unique ordered state. Conversely, fluctuations,
originating for example from the proximity of competing
phases, can hinder magnetic ordering, resulting in an
unconventional correlated state with exotic excitations.

The pyrochlore oxide Er,Sn,O; appears to belong to this
category. In this compound, the Er’* magnetic moments
reside on the vertices of a lattice made of corner sharing
tetrahedra, and are confined by a strong XY anisotropy
within local planes, perpendicular to the (111) axes. The
magnetic interactions are found to be governed by dipolar
interactions, in addition to a quasi-isotropic antiferromag-
netic exchange tensor [4]. Mean field calculations show that,
in the 7' = O phase diagram, this interaction tensor locates
Er,Sn, 05 in an antiferromagnetic phase, called the “Palmer-
Chalker” phase [5] (see Fig. 1), close to the boundary with
another ordered phase, the so-called y, phase, which is
realized in the related compound Er,Ti,O; [6]. The pre-
dicted Néel temperature is about TMF ~ 1.3 K. Monte Carlo
simulations [7] have pointed out that fluctuations tend to
lower the ordering temperature, with TM¢ ~ 200 mK.

Experimentally, no phase transition has been detected
in Er,Sn,O; down to 20 mK in muon spin relaxation
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measurements [8] and down to about 100 mK in magneti-
zation [4,9] and neutron scattering experiments [10] (note,
however, that the existence of magnetic ordering below
100 mK was mentioned in [11]). Yet Palmer-Chalker-like
short-range correlations have been reported below 5 K,
taking the form of a broad diffuse quasielastic signal in
neutron scattering measurements [4,10]. In this Letter, using
neutron diffraction and magnetization measurements, we
show that Er,Sn,0O; does order in the Palmer-Chalker state
at a Néel temperature 7y ~ 108 mK. This long-range order-
ing is characterized by magnetic Bragg peaks which develop
on top of the broad diffuse scattering. The latter disappears
progressively as the ordered magnetic moment increases,
indicating a second-order transition. Concomitantly, the
slow dynamics previously observed in ac susceptibility
above the magnetic transition persist at low temperature
and coexist with the Palmer-Chalker ordering. In addition,

FIG. 1. Sketch (on a single tetrahedron) of three Palmer-
Chalker configurations forming distinct magnetic domains below
Ty (three others are obtained by reversing all spins). The local
XY planes perpendicular to the (111) axes are indicated by
colored disks. Spins are pairwise antiparallel, and collinear with
an edge of the tetrahedron. These configurations can be described
as chiral spin crosses.
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on entering the ordered phase, inelastic neutron scattering
(INS) experiments reveal new features in the spin excitation
spectrum stemming from the magnetic Bragg peaks. Using
INS measurements performed in applied magnetic field, we
determine the exchange parameters of a model Hamiltonian,
confirming previous estimations.

Magnetization and ac susceptibility measurements were
performed on a superconducting quantum interference device
(SQUID) magnetometer equipped with a dilution refrigerator
developed at the Institut Néel [12]. Neutron diffraction
experiments were performed on the G4.1 diffractometer
(LLB-Orphée facility) with A=2.426A. INS measurements
were carried out on the triple-axis spectrometer 4F2 using a
final wave vector k; = 1.15 A=, The energy resolution was
about 70 pueV. The sample was a pure polycrystalline
Er,Sn,O; compound, synthesized by a solid-state reaction
from a stoichiometric mixture of Er,O3; (99.9%) and SnO,
(99.996%). The powder was ground and heated for 6-8 h four
times from 1400 °C to 1450 °C in air, cooled down to room
temperature, and reground after each calcination.

An important issue regarding the measurements at very
low temperature concerns the thermalization of the powder
sample. For magnetization measurements, a few milligrams
of Er,Sn, O, were mixed with Apiezon N grease in a copper
pouch, to improve the thermal contact and reduce the
thermalization time. For neutron-scattering experiments,
a dedicated vanadium cell was used in the dilution fridge.
The cell was filled with He gas up to 40 bars. During the
experiments, it became obvious that a non-negligible heat-
ing was induced by the sample’s activation in the neutron
beam. This effect was all the more important when the
incident flux was large. Special care was then taken to
minimize this effect for a better temperature control. For INS
measurements, the neutron flux was reduced with a lead
attenuator. For diffraction measurements, short counting
times (of about 30 min) were programmed, alternating with
deactivation (hence cooling) periods of 1 h. This thermal-
ization issue probably explains why the transition had not
been reported in previous neutron-scattering measurements.

Zero field cooled—field cooled (ZFC-FC) magnetization
measurements show an antiferromagnetic transition at
Ty =108 £ 5 mK (see inset of Fig. 2). It manifests as a
peak in the ZFC curve, while the FC magnetization sharply
increases at the transition. This effect, although less
pronounced, is similar to what is observed in Er,Ti,O;
[13] and could be due to the polarization of uncompensated
magnetic moments at domain boundaries. This magnetic
transition is also evidenced by a peak at T in the real part
of the ac susceptibility (see top of Fig. 2). A frequency-
dependent signal, a signature of slow dynamics, comes on
top of this peak, as a bump which moves towards high
temperature when the frequency increases. It is associated
with a peak in the imaginary part of the ac susceptibility,
which follows the same thermal-activated law above and
below the Néel temperature (see bottom inset of Fig. 2),
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FIG. 2. The ac susceptibility ' (top) and y” (bottom) vs
temperature 7' measured for several frequencies f between
5.7 mHz and 211 Hz, with pyH,. = 0.1 mT. Top inset:
Magnetization M/H vs T measured in a ZFC-FC procedure
with poH = 1 mT. Bottom inset: Relaxation time 7 = 1/2zf vs
1/T extracted from the maxima of y”. The line is a fit with
the Arrhenius law: 7 = 7yexp(E/T) with 75~ 6 x 107 s and
E~09 K.

showing that the slow dynamics is not affected by the
transition.

Neutron diffraction confirms the presence of antiferro-
magnetic ordering at very low temperature, as shown in
Fig. 3. Intensity increases on existing crystalline Bragg
peak positions, indicating a k = 0 propagation vector. The
main magnetic peaks appear at 1.07 and 1.22 A~!, corre-
sponding to the @ = (111) and (002) wave vectors, and
emerge from the diffuse scattering signal characteristic
of short-range Palmer-Chalker correlations [4,10]. The
latter has almost disappeared at the lowest temperature
(T = 68 mK), indicating that most of the magnetic moment
is ordered [see Fig. 3(a)]. Rietveld refinements show that,
among the possible irreducible representations authorized
by the k = 0 propagation vector [6,14], neutron intensities
can only be properly modeled by the I';-Palmer-Chalker
representation [15]. At the lowest temperature, the ordered
moment is 3.1 up, i.e., about 80% of the magnetic moment
of the Er** ground-state doublet, estimated at 3.8 yz [4] [see
Fig. 3(b)]. The remaining Er** moments are embedded in
short-range-only Palmer-Chalker correlations, as reflected
by the persistence of a weak diffuse signal. This ordered
moment value is consistent with what is expected in a
conventional second-order phase transition at the corre-
sponding T/T) ratio. The second-order nature is further
confirmed by the gradual increase of the ordered moment
below Ty [see inset of Fig. 3(b)].
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FIG. 3. (a) Diffractograms at 68 mK (red), 105 mK (blue) and
400 mK (green). (b) Diffractogram at 68 mK. The black line is
the fit corresponding to the nuclear contribution plus the diffuse
Palmer-Chalker scattering. The red line shows the fit of the whole
signal, including the magnetic long-range Palmer-Chalker con-
tribution. Inset: Temperature dependence of the ordered magnetic
moment deduced from the refinements.

We now focus on the excitation spectrum associated with
this magnetic ordering. As previously reported, at temper-
atures as high as 10 K, the INS spectrum includes a strong
quasielastic signal [10]. Its intensity is stronger around
Q, = 1.1 A™!, which corresponds to the position of the
maximum intensity of the Palmer-Chalker diffuse scatter-
ing [see Fig. 4(a)]. On cooling, the intensity increases,
while the width decreases, corresponding to a slowing
down of the fluctuations, reaching a characteristic time of
about 107! s close to T'y. This quasielastic signal persists

down to temperatures below 7'y [see Fig. 4(b)]. Nevertheless,
because of self-heating in the neutron beam, the effective
temperature actually reached by the sample at the lowest
temperature of the dilution fridge (7 ,;, = 70 mK) is esti-
mated to be 105 mK from the intensity of the magnetic Bragg
peaks, thus just below T (corresponding to an ordered
moment of 0.8 yp). Additional features, stemming from the
Bragg peaks at Q ~ 1 and 1.2 A", also arise in the ordered
regime [see Fig. 4(b)]. In the cut shown in Fig. 4(d), this
additional signal manifests as a broad band in the 0.2 < w <
0.5 meV range, superimposed on the quasielastic response.

To further analyze these results, we have refined the
exchange parameters previously estimated from magneti-
zation measurements [4]. We have used a well-documented
procedure [19,20], which consists in applying a magnetic
field to drive the ground state towards a field-polarized state
and analyzing the spin excitations in terms of conventional
spin waves. Owing to the polycrystalline nature of the
Er,Sn,O; sample, the magnetic field is applied simulta-
neously in all crystallographic directions, leading to an
average excitation spectrum. INS measurements were per-
formed as a function of magnetic field at 1.5 K. Above about
u,H = 1.5 T, the response is no longer quasielasticlike, and
a dispersive spectrum is observed with the opening of a gap
[see Fig. 5(a)]. Its value is A = 0.26 + 0.04 meV at Q, =

1.1 A7! for a field of u,H=2T. A increases roughly
linearly further increasing the field, as illustrated in Fig. 5(c).

To determine the exchange parameters, we consider
the following Hamiltonian: H = Hegg + 3 dipdid I+
giupH - J;, where J is the Er’* magnetic moment, Hgr is
the crystal electric field (CEF) Hamiltonian, H denotes the
magnetic field, g; is the effective g factor, and J is the
anisotropic exchange tensor, which incorporates the dipolar
interaction truncated to its nearest neighbors. It is written in
the (a;j, bj, ¢;;) frame linked with Er**-Er** (i) nearest-
neighbor bonds [21],
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Inelastic neutron scattering in zero field: powder-averaged spectrum S(Q, @) measured (a) at 1.5 K and (b) below Ty, at about

105 mK. The neutron intensity is normalized to the monitor. Constant energy scans were carried out to minimize self-heating effects.
(c) Excitation spectrum in the Palmer-Chalker phase obtained from random phase approximation (RPA) calculations with the exchange
parameters 7, = J, =0.03 K, 7, =0.05K, and J, =0 at T =0. (d) Energy cuts averaged for 1 < Q < 1.2 A7! at several
temperatures: 4 K (green triangles), 500 mK (blue dots), 105 mK (red squares). The blue line is a fit involving a Gaussian profile,
centered at zero energy to model the elastic response, and a quasielastic contribution [1 + n(w)] x Awl'/(@? +T2). 1 + n(w) is the
detailed balance factor, A = 0.2, and I' = 0.046 meV. The red line contains an additional inelastic contribution, shown separately by the
orange line and described by a Lorentzian profile [1 + n(w)] x By{1/[(® — @,)* +7*] = 1/[(® + »,)* +¥*]} with B = 0.016,
®, = 0.3 meV, and y = 0.016 meV.
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FIG. 5. Inelastic neutron scattering in the field polarized phase.
(a) Powder-average spectrum S(Q,®) measured at 7 = 1.5 K
with ugH =2 T. (b) Calculated powder-average spectrum
S(Q,w) at 2 T and T=0 with J7,=7,=0.03K, J,.=0.05K,
and J, = 0. (c) Powder average spectrum at Q, = 1.1 A~"and at
T = 1.5 K as a function of field H. The empty blue circles are the
values of the gap obtained from the calculations with the above
parameters. The neutron intensity is normalized to the monitor.
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where D, = (u,/47)[(gsu5)*/rin] = 0.022 K is the pseu-
dodipolar contribution (with r,, the nearest-neighbor dis-
tance in the pyrochlore lattice), J,, J, J. are effective
exchange parameters, and 7, corresponds to the antisym-
metric Dzyaloshinski-Moriya interaction. This model takes
into account the specific CEF scheme which strongly
confines the spins within the local XY planes [4]. The
powder average of the spin excitation spectrum S(Q, @) is
then calculated for a given field H using the RPA.

To compare with the polycrystalline experimental data
shown in Fig. 5(a), the average over all field directions has
to be performed. As a first approximation, we consider that
the powder spectrum can be described by averaging over the
high symmetry directions of the system, (001), (110), and

(111), taking into account their multiplicity: S(Q, ) =

15 38(Q, @) myppon + 6S(Q, @)mypiig) + 4S(Q. @)y
Assuming J4 = 0, since the Dzyaloshinski-Moriya inter-
action is expected to be small compared to symmetric
exchange, the best agreement is obtained with 7, = 7, =
0.03 +0.003 K, J,. = 0.05 + 0.01 K, thus consistent with
the uncertainty range given in Ref. [4]. Calculations repro-
duce the strong intensity close to Q, and the presence of a
gap of about 0.25 meV [see Fig. 5(b)]. They also account for
the field dependence of the gap at Q,, above 1.5 T, as shown
in Fig. 5(c) by the blue open circles. RPA calculations
performed with these exchange parameters at 7 = 0 in zero
field, predict a gapped flat mode at 0.2 meV, together with
excitations dispersing up to 0.4 meV [see Fig. 4(c)]. While
the value of the gap is consistent with the measured inelastic
contribution, the predicted dispersion is hardly distinguish-
able in the data of Fig. 4(b).

It is instructive to compare the Er,Sn, O, behavior with
results obtained on Gd,Sn,0;. The latter, in which the
Gd** magnetic moment is almost isotropic, is known as the
archetype of the dipolar Heisenberg pyrochlore antiferro-
magnet. In spite of very different anisotropies in both
compounds, calculations predict identical behaviors for
thermodynamic and dynamical properties: the transition
towards the Palmer-Chalker phase is expected to be first
order [7,22], while a spin-wave spectrum, similar to
Fig. 4(c), should develop at low temperature, consisting
of dispersive branches on top of a gapped flat mode
[23-25]. Gd,Sn,O; indeed follows these predictions
[26,27], and the opening of the gap occurs well above
Ty [28]. In Er,Sn, 04, the scenario appears more complex:
the temperature dependence of the ordered magnetic
moment points out a second-order transition. The lack of
clear dispersion in the experimental INS spectrum can be
attributed to the proximity of 7'y, so that conventional spin
waves are expected to develop at lower temperature.
However, the strong XY character of the system, which
can lead to unconventional excitations as lines of vortices
[29], insufficiently captured by the RPA, might induce a
peculiar Q dependence of the spectrum.

The strong ratio between dipolar and exchange inter-
actions in Er,Sn, 05, which is about 0.5-0.7 (against 0.15
in Gd,Sn,0; [24]) also appears crucial. Preliminary cal-
culations with Er,Sn,O, parameters at 7 =0 and Q =
(1,1, 1) show that accounting for the long-range part of the
dipolar interaction beyond the truncation considered above
and in Refs. [4,7], slightly reduces the gap value, but does
not affect the ground state. It was, however, established in
Heisenberg systems that, at finite temperature, long-range
dipolar interactions tend to weaken the Palmer-Chalker
state stability, due to the proximity of an unconventional
state withak = (1/2,1/2,1/2) propagation vector [30,31]
(proposed to be the magnetic state stabilized in Gd,Ti,04
[32]). The proximity of Er,Sn,O; with such a state, in
addition to the proximity with the y, state evoked above,
might reinforce the fluctuations in the Palmer-Chalker state
at finite temperature and explain the low ordering temper-
ature, the unexpected second order of the transition, as well
as the structure of the spectrum close to the transition. Note
that the very low temperature considered here could suggest
arole of quantum fluctuations, but they have been shown to
not destabilize the Palmer-Chalker state much [7,23].

Finally, as reported in numerous frustrated magnets [33],
Er,Sn,O; hosts a complex spin dynamics where several
time scales coexist, even in the long-range order regime. In
addition to the fast fluctuations observed by inelastic neutron
scattering, slow dynamics are observed in ac susceptibility
above T'y. They persist below Ty, coexisting both with the
magnetic ordering along with magnetic moments fluctuating
at the muon time scale [8]. The characteristic energy barrier
of this slow dynamics, £ = 0.9 K (= 0.078 meV), is smaller
than the gap of the Palmer-Chalker state. It might be
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associated with the spins at the boundary between the six
existing domains, as previously reported in kagome and
pyrochlore systems [34,35].

We have shown that the pyrochlore Er,Sn,0- orders in
the Palmer-Chalker state at about 100 mK. As confirmed by
the analysis of the exchange couplings, it is the realization
of the dipolar XY pyrochlore antiferromagnet. The absence
of a first-order transition along with multiscale dynamics
are signatures of an unconventional magnetic state. Further
calculations accounting for the XY character and for the
long-range dipolar interactions at finite temperature are
needed to understand the role of fluctuations and may
enlighten the existence of exotic excitations. The proximity
of Er,Sn,0; with competing phases might also enhance
fluctuations, as recently proposed in the context of another
pyrochlore compound Yb,Ti,O; [36,37]. In that perspec-
tive, our study points out the importance of multiphase
competitions in the novel magnetic states emerging in
frustrated systems.

We thank C. Paulsen for allowing us to use his SQUID
dilution magnetometers. This work was partly funded by
public grants from the French National Research Agency
(Dymage project, Grant No. 13-BS04-0013) and by the
Laboratoire d’Excellence Physics Atom Light Mater (LabEx
PALM) overseen by the French National Research Agency
(ANR) (IDmag project).

Note added in proof.—Recently, we became aware of a
manuscript on another Erbium XY pyrochlore Er,Pt,O;
which orders in a Palmer-Chalker ground state below
0.38 K [38].
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