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Collective dynamics in the Heisenberg pyrochlore antiferromagnet Gd,Sn,0,
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Gd,Sn, 05 is believed to be a good approximation to a Heisenberg antiferromagnet on a pyrochlore lattice
with exchange and dipole-dipole interactions. The system is known to enter a long-range ordered ground state
(the “Palmer Chalker” state) below T.=1 K with k,,4=(000). However, persistent electronic spin fluctuations
have been observed as T— 0. Using inelastic neutron scattering, we have studied the buildup of short-range
spin-spin correlations as the temperature is lowered, and the eventual formation of a gapped long-range ordered
state that is able to sustain spin waves below T,. As a magnetic field is applied, new magnetic phases develop
and the gap widens. These measurements show that Gd,Sn,0; completely relieves itself of frustration, but the

self-selected ground state is very delicate.
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A system that cannot minimize its total classical ground-
state energy while simultaneously minimizing each of its
pairwise interactions individually is said to be frustrated.'?
Frustrated interactions are ubiquitous in condensed matter
and can lead to many different and complex phenomena,
including the intricate structure of solid nitrogen (N,), pro-
tein folding, and stripes in cuprate superconductors. In the
context of magnetism, frustration occurs because of random
interactions (e.g., in dilute spin glasses) or by virtue of the
underlying crystal structure as in the case of geometric frus-
tration. Geometric frustration commonly occurs in com-
pounds made up of triangular or tetrahedral units with anti-
ferromagnetic (AFM) interactions. In particular the study of
rare-earth pyrochlore oxides has elucidated many of the ex-
otic behaviors possible through geometric frustration. Ex-
amples of these exotic ground states include, but are not
limited to, an unconventional anomalous Hall effect in
A;Mo,0;,? freezing in the topological spin glass Y,Mo,0,,*
spin liquid behavior in Tb,Ti,0;,% and the spin ice ground
state in Ho and Dy pyrochlores.®

Antiferromagnetically coupled Heisenberg spins on the
pyrochlore lattice are particularly interesting and expected to
be highly frustrated. Mean-field theory finds a massive de-
generacy of soft modes with no preferred state chosen at
finite temperature,’” but perturbations are often expected to
select a unique ordered state.”!!! In the insulating pyro-
chlore systems A,B,0,, where A% is a rare-earth ion pos-
sessing a large magnetic moment and B** is a nonmagnetic
ion, the leading perturbation is the long-range magnetic
dipole-dipole interaction. Due to its long-range nature one
might naively expect this interaction to select a unique or-
dering wave vector k4. Indeed, the dipolar spin ice model
predicts an ordered ground state,'” which has not been real-
ized experimentally, yet.

In Gd,Sn,0; and Gd,Ti,0,, the Gd** ions are in a 857/2
ground state (§=7/2,L=0) and only a small single-ion an-
isotropy is expected.'® These systems are, therefore, reason-
ably good realizations of antiferromagnetically coupled
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Heisenberg spins on a pyrochlore lattice with dipolar inter-
actions. Raju et al.® determined that the long-range magnetic
dipole-dipole interaction is approximately 20% of the
nearest-neighbor AFM exchange. This study went on to
show that the exchange and dipolar interactions give rise to a
line of degenerate soft modes along the cubic (111) direc-
tions. Palmer and Chalker'* later argued, in another mean-
field calculation, that including quartic terms leads to the
selection of a four-sublattice Néel ordered state with k4
=(000).

Experimentally one finds considerable differences be-
tween Gd,Sn,0; and Gd,Ti,0-, although at first glance they
should be quite similar. Both B-site ions are nonmagnetic,
the room-temperature lattice parameters are comparable
[10.46(1) and 10.18(1) A for Gd,Sn,0; and Gd,Ti,0, re-
spectively], and the effective paramagnetic moments are the
same (~7.9 wp).

In Gd,Sn,0O5, one phase transition has been detected at
T.=1 K (Refs. 15-17) and it is believed that the ground
state is the one anticipated by the Palmer-Chalker model. On
the other hand, in Gd,Ti,O two successive magnetic transi-
tions at T,;~1 K and T,,~0.7 K have been observed.!?
Neutron diffraction by Champion et al.>' and Stewart et al.*
confirmed these as transitions to an ordered state. In the latter
work it was shown, using neutron polarization analysis of the
diffuse scattering, that the spin structure is a four-k structure
with kord=(%%%). Between T,, and T,, the structure is par-
tially ordered with 1/4 of the spin ensemble remaining fully
dynamic but spatially correlated over 3.5 A, the near neigh-
bor (Gd-Gd) distance. The long-range ordered moments are
aligned parallel to (110) in a 120° arrangement. At 250 mK,
deep in the second phase, the dynamic spins align collinearly
within the [111] plane but with less than 30% of the expected
moment, that is, a significant paramagnetic component re-
mains. This does not correspond to the Palmer and Chalker
model and Wills et al.'® suggested that a third-neighbor in-
teraction is the origin of the differences between Gd,Sn,0,
and GdzTi207.
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The presence of “persistent spin dynamics” has been in-
voked to explain the low-temperature muon spin
relaxation?>?* and specific-heat data in both compounds?
and Mossbauer'7?? data from the stannate. In Gd,Ti,O,
where 1/4 of the spin system is not fully ordered at 250 mK,
persistent spin-dynamics could be expected and has been
seen in a neutron spin-echo experiment.”® Surprisingly,
Mossbauer studies saw a system static on a time scale of
about 100 MHz and equivalent Gd sites.'”?* This discrep-
ancy has not been resolved to date. Bonville et al.'” found a
T? dependence to the specific heat of Gd,Sn,0; below the
ordering temperatures. Such a power law is not expected for
an ordered three-dimensional (3D) magnet and a band of
low-energy excitations was invoked to explain the data. A
more recent lower temperature study by Quilliam et al.'
showed that Gd,Sn,0; has the characteristics of an ordered
system with a gapped spin-wave spectrum. Del Maestro and
Gingras?® reported some detailed calculations for Gd,Sn,0;
in which they described the specific heat and predicted a
gapped spin-wave excitation spectrum.

A 750 mg polycrystalline sample of Gd,Sn,O; was pre-
pared at the NIST Center for Neutron Research (NCNR) by
firing, in air at 1350 °C, 16OGd203 and SnO, for several days
with intermittent grindings to ensure a complete reaction.
Enriched '®°Gd,0; was used in order to reduce neutron at-
tenuation by the sample. X-ray powder diffraction and bulk
susceptibility confirmed that the sample was phase pure with
bulk properties identical to those reported earlier.”!” Time-
of-flight neutron-scattering measurements were performed at
the disk chopper spectrometer (DCS) at the NCNR with an
incident wavelength of between 2.3 and 7 A, providing an
energy resolution of between 1140 and 42 eV full width at
half maximum. The sample was mounted in a dilution refrig-
erator within a 11.5 T vertical field superconducting magnet
to obtain 50 mK. Additional high-temperature measurements
above 1.2 K were performed in a helium bath cryostat.

The buildup of short-ranged spin correlations below 20 K
is shown in the inset of Fig. 1. The low-Q upturn is tempera-
ture independent and is likely to be associated with instru-
mental background and grain-boundary scattering. The data
at 1.2 K and above show a broad maximum at |Q|
~1.05 A~! indicating predominantly AFM near neighbor
correlations. Cooling below 7. the diffuse scattering is
quenched and sharp Bragg peaks appear which can be in-
dexed with a propagation vector k,4=(000). Elastic scatter-
ing data, over a wider range, are shown at 50 mK in the main
figure. The data have been fitted using the Rietveld refine-
ment program FULLPROF (Ref. 27) and are described well by
the Palmer-Chalker model, as discussed earlier by Wills et
al.'® In this ground state, two pairs of spins will collinearly
align antiparallel to each other and parallel to the opposite
Gd-Gd line of contact in the tetrahedron. From our data we
find that all Gd moments are identical with (6.7 £0.2) up at
50 mK. The accuracy of this magnetic moment derived from
our Rietveld refinement is greatly improved compared to the
value of (6 1) ug found by Wills et al. due to the lower
neutron attenuation of our sample. This value is consistent
with the low-temperature calculated moment in Ref. 26 of
6.8 up and close to the full moment (7 wg) which is often
reduced by crystalline electric field and other effects.
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FIG. 1. (Color online) Elastic scattering and Rietveld refinement
of Gd,Sn,0; at 50 mK. Scattering from the Al sample can was
included in the refinement (upper row of tic marks). The middle and
bottom rows of tic marks show the magnetic and nuclear Bragg-
peak positions of Gd,Sn,05, respectively. Inset shows the diffuse
scattering centered on 1.05 A~ as a function of temperature. The
peak at ~2.8 A~! comes from the sample environment.

Representative constant-Q cuts, taken under several in-
strumental conditions, are shown in Fig. 2. In this range one
expects to observe four spin-wave modes, as discussed by
Del Maestro and Gingras.”® By considering several ratios
between second and third nearest neighbors they expect the
first two, relatively flat, modes to be between 0.09 and 0.18
meV (I meV=11.6 K) with all four modes within 0.5 meV.
With low energy resolution (top panel Fig. 2) one can see
some quasielastic scattering and a dearth of scattering out to
~10 meV. Improving the energy resolution reveals multiple
modes within the first 0.5 meV, as shown in the lower two
panels of Fig. 2. In the lowest panel, a gap of %w
~(0.13(1) meV is seen unambiguously. This is in the middle
of the range anticipated in Ref. 26 and compares well to the
value from specific heat.!> From the size of the measured gap
the ratio of the second and third near neighbors to the
nearest-neighbor exchange is less than 3%, again consistent
with the 1% found by modeling the specific heat.

Other O-dependent modes are seen at higher energy trans-
fer. The powder averaging, unavoidable in the data from a
polycrystalline sample, makes it hard to define all four ex-
pected levels, but at least three modes are clearly identified.
A summary of the magnetic modes is given in the inset of the
top panel. The gap is Q independent and drawn as a dotted
line. The other modes have some degree of softening and
resemble conventional spin-wave modes with a quadratic de-
pendence in Q.

We have initiated an exploration of the ground state and
elementary excitations in Gd,Sn,0O; when subjected to a
magnetic field. The field dependence of the intensities of
several magnetic Bragg reflections is shown in Fig. 3. Al-
though it is difficult to determine exactly the number of field
dependent phases seen at 50 mK, two phase boundaries ap-
pear to occur around 2.5 and 5.25 T, as indicated by signifi-
cant intensity changes in different magnetic Bragg peaks. In
comparison, four phases were observed at base temperature
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FIG. 2. (Color online) Cuts through S(|Q|, ) space under three
different instrument setups. For clarity, the data at 1.6 and 1.1 A
in the center and bottom panels have been vertically shifted, and the
statistical errors associated with the data are not shown for all
curves. The dotted line in the top panel shows the instrument reso-
lution at 2.3 A. Lines are Gaussian fits to the data, which are sum-
marized in the dispersion relationship shown as an inset to the top
panel with open and closed symbols representing 7 and 5 A data
sets, respectively. Lines are guides to the eyes, with a
Q-independent gap (dotted line) at 0.13 meV above the ground
state.
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FIG. 3. (Color online) Peak intensity of several magnetic Bragg
reflections at 50 mK as a function of applied field. Three possible
phases are depicted by the shading. Inset shows the low energy
spectrum, summed over all |Q|, revealing the gap to the first low
lying spin wave.

in Gd,Ti,0,,' but as discussed earlier, the ground state of
that system is not the “Palmer Chalker” state. With the avail-
ability of single crystals of Gd,Ti,O,, Petrenko et al.?®
were able to identify the direction of the magnetic field
that had to be applied to observe these transitions. However
as in our experiment, polycrystalline samples observe all
the transitions, assuming that the signal-to-noise ratio is
appropriate. A similar number of field induced phases has
been measured in another frustrated gadolinium magnet,
namely, Gd;GasO,, where three or four phases have been
reported.??3° It could be argued that the infinite degrees of
spin freedom allowed in these Heisenberg magnets along
with the delicate balance between exchange and dipolar in-
teractions allow an external field to partially pin the moments
along many directions. Indeed, a recent mean-field study?!
showed that Gd;Gas;O;, can be understood once the long-
ranged nature of the dipole interactions was considered along
with balanced exchange interactions out to J;. We have
shown that the strength of the further neighbor interactions in
Gd,Sn, 04 is a small percent of the nearest-neighbor interac-
tion. Such a delicately balanced system will easily be per-
turbed by an external field of a few Teslas. In the inelastic
spectrum, shown in the inset of Fig. 3, the Q-independent
gap is seen to increase with field, lying outside the 1 meV
range by 11 T. These initial field dependent studies will
hopefully stimulate future studies, including the field depen-
dent magnetic structure determination, single-crystal investi-
gations, and further theoretical studies to explore the com-
plex phenomena displayed by Gd,Sn,0O;.

To summarize, we have performed a detailed neutron-
scattering study of Gd,Sn,0,. In zero field the frustration
is relieved and the spin-spin correlations that start to de-
velop around 20 K order at 1 K in a manner consistent
with the PC model.'* This static state has the full ordered
moment, with little room for spin fluctuations as observed
by Mossbauer spectroscopy.!”2%2 We have measured for
the first time long-range propagating spin waves in this
ordered phase, which are gapped by =1.5 K. As one
might expect, although the system has satisfied itself and
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picked a unique ground state, this Heisenberg spin system
is delicately balanced and multiple magnetic phases can
be induced by applying moderate magnetic fields. These re-
sults raise the questions: why do muon and Mossbauer
spectroscopies!”?%23 suggest Gd,Sn,0, is dynamic and what
is the origin of the ubiquitous temperature independent per-
sistent spin dynamics seen in many rare-earth oxide pyro-
chlores by muons. We hope that these measurements will
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stimulate further studies to address these two very important
questions.
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