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Nd,Sn,0;: An all-in-all-out pyrochlore magnet with no divergence-free field and
anomalously slow paramagnetic spin dynamics
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We report measurements performed on a polycrystalline sample of the pyrochlore compound Nd,Sn,0;. It
undergoes a second order magnetic phase transition at 7. &~ 0.91 K to a noncoplanar all-in—all-out magnetic
structure of the Nd** magnetic moments. The thermal behavior of the low temperature specific heat fingerprints
excitations with linear dispersion in a three-dimensional lattice. The temperature independent spin-lattice
relaxation rate measured below 7. and the anomalously slow paramagnetic spin dynamics detected up to ~307,
are suggested to be due to magnetic short-range correlations in unidimensional spin clusters, i.e., spin loops. The
observation of a spontaneous field in muon spin relaxation measurements is associated with the absence of a

divergence-free field for the ground state of an all-in—all-out pyrochlore magnet as predicted recently.
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I. INTRODUCTION

The pyrochlore insulator compounds of generic chemical
formula R,M,0;, where R is a rare earth ion and M a non-
magnetic element, are a fertile playground for the discovery
of exotic magnetic properties [1]. The most enigmatic results
were found for their spin dynamics. At least two signatures of
them have been recognized.

First, persistent spin dynamics as inferred from a finite spin-
lattice relaxation rate measured at low temperature by the zero-
field muon spin relaxation (1SR) technique is a ubiquitous
physical property of the ground state, no matter its magnetic
nature. Low-energy unidimensional excitations have recently
been argued to be at its origin [2]. They could be supported by
spin loops, i.e., peculiar short-range correlations [3,4].

In SR measurements, the signature of a transition to a
magnetically ordered state is the observation of muon spin
precession corresponding to a spontaneous field at the muon
site. While in neutron scattering experiments at low tempera-
tures, Er,Ti;O7, Tb,Sn,07, and Yb,Sn,O; display magnetic
Bragg reflections characterized by a propagation wave vector
k = (0,0,0) [5-7], no spontaneous precession is observed
in uSR measurements [7-9]. This is the second unexpected
result. In contrast, spontaneous fields have been reported for
Gd,Ti,O7 [10]. However, this is a system with a complex
magnetic structure [11]. More interesting, Gd,Sn, O displays
a k = (0,0,0) structure [12] and spontaneous fields [13,14].
A fraction of the pSR signal is missing in the ordered
state, probably because of the large field distribution at the
magnetic sites corresponding to this fraction. In this context the
characterization of a compound with a k = (0,0,0) magnetic

“Electronic address: pierre.dalmas-de-reotier @cea.fr

1098-0121/2015/92(14)/144423(6)

144423-1

PACS number(s): 75.25.—j, 75.40.—s, 76.75.+i, 78.70.Nx

order together with a spontaneous field with no missing
fraction would provide further insight.

Here we report a study of the cubic pyrochlore stannate
Nd,Sn,05 [15,16], with specific heat, magnetization, neutron
scattering, and SR measurements. It exhibits a magnetic
phase transition at 7, ~ 0.91 K to a so-called all-in—all-out
magnetic structure with a k = (0,0,0) propagation wave
vector. A uSR spontaneous field is observed, consistent
with the lack of the divergence-free part of the Helmholtz
decomposition of the magnetic-moment field for such a
magnetic structure [17]. In this frame, the long-range order
is associated with the divergence-full component of the field.
Persistent spin dynamics below 7. and an anomalously slow
paramagnetic spin dynamics up to *30 T, are detected. They
are suggested to be due to unidimensional spin loops.

We first establish the basic physical characteristics of the
compound from bulk measurements and neutron scattering
experiments. Further microscopic information on the static and
dynamical properties of the system is obtained from inelastic
neutron scattering and ©SR experiments. A discussion of the
results completes this report.

II. BULK MEASUREMENTS

A single-phase powder sample of Nd,Sn, 07 was prepared
by heating the constituent oxides up to 1400°C with four
intermediate grindings. The heat capacity C, recorded with
a Physical Property Measurement System (Quantum Design
Inc.) is presented in Fig. 1(a). It matches previous results [18]
in the overlapping temperature range. A A-type peak consistent
with a second-order phase transition is observed at T, =~
0.91 K, i.e., the temperature of a peak in magnetic suscep-
tibility data [19]. No broad hump above T, is present, unlike in
some geometrically frustrated magnets, where it is interpreted
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FIG. 1. (Color online) Bulk measurements for a Nd,Sn,O; pow-
der sample. (a) Specific heat versus temperature. Our results are
compared with those in Ref. [18]. (b) Temperature dependence of
the inverse magnetic susceptibility 1/x expressed in SI units and
measured in a field of 0.95 mT. Inset: Low-temperature data. The
sample used for this measurement was a thin pellet and the field was
applied in its plane so as to minimize demagnetization field effects.
In both panels, solid lines are results of fits as explained in the text.

as a signature of short-range correlations [20]. The law C), =
BT? accounts for the data at low temperatures [Fig. 1(a)].
This temperature dependence is expected for excitations with
a linear dispersion relation in a three-dimensional system. It
sets a higher bound for any gap in the excitation spectrum
at ~0.1 meV. From the value B=11.0(7) J K™* mol™!
obtained from data measured below 0.45 K, we infer an
excitation velocity vex = 55 (1) ms~! in line with the Er, Ti, O,
result [21].

In Fig. 1(b) is displayed the inverse of the static susceptibil-
ity 1/ x. In the temperature range 150 < 7 < 290K y follows
a Curie-Weiss law, with a Curie-Weiss temperature Ocw =
—46.3 (1.9) K and a paramagnetic moment mp, = 3.57(4) 1,
comparable with the value mpy, = 3.625 for a free Nd*t ion.
As shown in the inset, assuming yx to follow a Curie-Weiss
law for 5< T <15 K we get cw = —0.32 (1) K and
Mpm = 2.63 (3)u g, in agreement with Ref. [22]. The negative
Ocw indicates net antiferromagnetic exchange interactions. As
the first excited crystal-field doublet is located at ~26 meV
above the Kramers doublet of the Nd*>* ground state [23], an
effective spin §’ = 1/2 model is justified for the ion description
at low temperatures.

III. NEUTRON DIFFRACTION RESULTS

Nd,Sn,0; crystallizes in the Fd3m space group. We
studied the crystal structure of our sample using the diffrac-
tometers D2B at Institut Laue Langevin (ILL) and HRPT
of the SINQ neutron source at the Paul Scherrer Institute
(PSI), respectively, at room temperature and 15 K. Figure 2(a)
displays the HRPT data analyzed with the FullProf suite [24].
The lattice parameter is aj,y = 10.5586 (6) A and the parameter
for the oxygen position is x = 0.33259(3) at 15 K; see
Fig. 2(a) for the diffraction pattern. For comparison, the
corresponding room temperature values obtained in our D2B
measurements are a;;; = 10.568 (3) A and x = 0.33250 (8),1in
agreement with the literature [16]. Our Rietveld refinement
revealed a slight stuffing and oxygen deficiency: with the
notation Ndj4,Sn;_,0745 we got y =0.013(7) and § =
—0.006 (3) [23].
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FIG. 2. (Color online) Neutron diffraction results for a powder
sample of Nd,Sn,0;. (a) Nuclear pattern at 7 = 15 K. (b) Magnetic
diagram given by the difference between 60 mK and 1.2 K data
sets. Experimental points near 260 = 74.4° and 88.5° are not shown
because they are strongly influenced by neutrons scattered from the
copper container. The observed magnetic reflections are labeled with
Miller indices. (a, b) Solid lines result from Rietveld analyses. Solid
lines at the bottom give the difference between fits and data. Vertical
markers indicate the positions of Bragg peaks. (c) The corresponding
magnetic structure. Spheres represent Nd*" ions, and arrows their
magnetic moments oriented along the local trigonal (111) axes of the
cubic crystal structure. Two corner-sharing tetrahedra are shown, one
with the magnetic moments pointing inwards and another, adjacent
tetrahedron with moments pointing outwards. (d) Diffractogram
recorded at 1.2 K and difference from the data set recorded at 50 K.
No diffuse scattering intensity is observed at the approach of the
magnetic transition. Note that for the sake of clarity, the most intense
Bragg peaks present at 1.2 K have been truncated.

Magnetic neutron diffraction measurements were per-
formed with the DIB diffractometer at ILL. In Fig. 2(b) a
magnetic diffraction diagram at 60 mK is presented. The Bragg
reflections imply a long-range order of the Nd** magnetic
moments to be established. The reflections occurring only at
the nuclear Bragg peak positions, the magnetic propagation
vector of the structure is k = (0,0,0). The absence of magnetic
intensity at positions (111), (200), and (400) is consistent with
the noncoplanar all-in—all-out moment arrangement shown in
Fig. 2(c) [23]. It is confirmed by an analysis with FullProf. The
spontaneous magnetic moment is mgp(T — 0) = mg,(T =
0.06 K) = 1.708(3) 5. The all-in—all-out magnetic structure
was first reported for FeF; [25] and subsequently observed
for the Nd** moments and proposed for the Ir moments of
Nd,Ir,O7 [26] and for the Os moments of Cd,0s, 07 [27,28]. It
was also deduced from an analysis of resonant x-ray diffraction
data obtained for Eu,Ir,O7 [29]. This structure should not give
rise to a structural distortion [29], consistent with the second-
order nature of the magnetic phase transition. We, finally,
mention that no diffuse scattering which would signal the
onset of short-range magnetic correlations is observed when
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FIG. 3. (Color online) Inelastic neutron scattering results for a
Nd,Sn,0; powder sample. (a) Wave-vector integrated backscattering
spectrum at 0.06 K. The instrument resolution determined from
an independent measurement on vanadium is shown by the dotted
line. (b) Wave-vector dependence of the quasielastic half-width
at half-maximum (HWHM) I'y of the magnetic scattering in the
paramagnetic phase at 1.2 K. In both panels, solid lines are results of
fits as explained in the text.

approaching the magnetic transition from the paramagnetic
phase, unlike in, e.g., Tb,Sn, 07 [6] [see Fig. 2(d)].

IV. INELASTIC NEUTRON SCATTERING RESULTS

For an independent estimate of mg, and to gather infor-
mation on the spin dynamics up to the 10~ s range, we
performed neutron backscattering measurements at the IN16
backscattering spectrometer at ILL. The inelastic scattering
intensity measured at ~+2 peV [Fig. 3(a)] in the magnetically
ordered phase corresponds to transitions among the nuclear
spin levels whose degeneracy is lifted by the hyperfine
field [30]. This is an incoherent scattering process. Among
the Nd isotopes the contribution of '*3Nd overwhelmingly
dominates due to its large incoherent scattering cross sec-
tion. The splitting fiwz = 2.027(7) pneV measured at 0.06 K

corresponds to mg, = hwz/Aﬂl‘y‘f’, = 1.68(3)up using the hy-

perfine constant Alﬂ‘y‘g =20.93) mT [31]. The incoherent
nature of the scattering process implies that each nucleus is
probed additively; i.e., there are no interference effects as
in diffraction. Hence, backscattering provides a local probe
determination of mg,. Diffraction, which measures a volume
average [32], and backscattering data giving consistent results,
no phase segregation occurs in our sample.

Information about spin dynamics is obtained from backscat-
tering datarecorded at 1.2 K, i.e., above T,. Besides the nuclear
incoherent scattering, a signal of electronic origin is observed
which is broader than the experimental resolution. Fitting this
signal using a Lorentzian function we deduce the quasielastic
half-width at half-maximum I"p. We find it to be weakly Q
dependent with a linear wave-vector dependence I'g = I'g +
apQ, where Ty = 0.271(9) ueV and ag = —0.070(2) ueV A
[see Fig. 3(b)]. While more data would be needed to discuss
this O dependence, we notice the linewidth to be in the range
I'gs ~ 0.2 ueV, which corresponds to a fluctuation time tgg =
h/Tgs = 3 x 107 s. This is relatively slow for a temperature
outside the critical regime. We would have expected a time
of order A/(kg|0cw|) = 2.4(1) x 107! s, where we take fcw
derived from the x(7) fit at low temperature. Even slower
paramagnetic fluctuations are revealed by the uSR study
discussed below.
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FIG. 4. (Color online) ©SR results. (a) An asymmetry spectrum
recorded deep in the ordered state (LTF spectrometer). The solid line
results from a phenomenological fit. Inset: The short-time part of the
spectrum. (b) Temperature dependence of the spin-lattice relaxation
rate Az in zero field (open symbols) and for B, = 50 mT (filled
symbols). Data were recorded at different spectrometers as indicated.
The T, value is shown as the dotted line and the solid line emphasizes
the temperature-independent zero-field Az at low temperatures.

V. uSR RESULTS

Further information was obtained from SR measurements
performed at the MuSR spectrometer of the ISIS pulsed muon
source (Rutherford Appleton Laboratory, UK) and at the GPS
and LTF spectrometers of the Swiss Muon Source at PSI. All
data were recorded with longitudinal geometry, either in zero
field or under a longitudinal field. These different variants
of the technique probe the magnetic properties of the system
on a time scale ranging from approximately 107> to 10~1? s.
A uSR asymmetry spectrum recorded below T, is shown in
Fig. 4(a). The displayed quantity is ao P, " (¢), where ay is an
experimental parameter and P, *(¢) is the muon polarization
function, which reflects the physics of the compound under
study [33]. We observe a sharp drop in the asymmetry at
short times, followed by a slow exponential decay of the
tail. Its decay rate is a measure of the spin-lattice relaxation
rate Az. The early-time part of the spectrum is detailed in
the inset. A spontaneous (i.e., in the absence of an external
field) muon spin precession is detected. This is so up to
T < 0.65 K & 0.7T,. It reflects the long-range magnetic order.
Although a spontaneous muon spin precession is expected and
often observed in the ordered phase of magnets, including
exotic magnets [34], it is not present, as mentioned earlier,
for Tb28n207 [9,35], EI’QTi207 [8,36], or Yb28n207 [7,37] or
for CdHo,S4 [2]. This has been attributed to the dynamical
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nature of the field at the muon site [9]. Above ~0.7T,, the
muon spin precession is not resolved: this is probably due
to a broadening of the field distribution at the muon site and
dynamical effects. In the whole temperature range below T, the
spin-lattice relaxation channel is easily observed. The function
agP;*(t) = as Pz(t) + aps was fitted to all the spectra. The
first term is associated with muons probing the sample and
the second, time-independent component accounts for muons
implanted in the sample surroundings. Above T, a stretched ex-
ponential function, Pz(t) = exp[—(Azt)%<], with the exponent
0.7 < Bse < 1, provides a good description of the spectra. Such
a spectral shape is consistent with a distribution of relaxation
channels and is often observed in frustrated magnets.

In Fig. 4(b), Az(T) deduced from zero-field and 50-mT
measurements is plotted. These data are remarkable in many
respects. In zero field A z(T') displays a pronounced maximum
at T¢.. This reflects the slowing-down of the critical fluctuations
at the approach of a second-order magnetic phase transition.
At T « T, we would expect Az to vanish [33,38-40]. The
plateau that is instead observed, the signature of the so-called
persistent spin dynamics, has been ascribed to unidimensional
excitations [2] which could be present in lattices of corner-
sharing triangles or tetrahedra. The A, thermal behavior
above its inflection point at ~#100 K is driven by an Orbach
local relaxation mechanism [20,33]. At lower temperatures,
but still in the paramagnetic regime, correlations come into
play. However, their characteristics are not as expected for
a conventional paramagnetic phase. This key new result is
dramatically revealed by the strong dependence of Az on
Bex:. Quite unexpectedly, its influence extends up to about
30 K, i.e., ®307T,. Because of this strong B.y dependence
of Az at low field and the plateau observed for Az(T)
under 50 mT for 2 < T < 100 K, using the model due to
Redfield [41] we infer the presence of spin fluctuations with a
correlation time 7,,sr in the 100-ns range. Hence, the zero-field
fluctuations probed by SR are characterized by a t,sg much
larger than the time estimated from the quasielastic neutron
scattering data, i.e., 7gs. Nd»Sn,O7 is not a unique example
of this feature [42]. In fact, a wide range of correlation times
extending to anomalously long times seems to be a signature
of geometrically frustrated magnetic materials [21,36,43—48].

VI. DISCUSSION AND CONCLUSIONS

We now discuss the prominent experimental results
obtained from our experimental study, namely, (i)
the all-in—all-out type of magnetic structure found for
Nd,Sn; 07, (ii) the observation of a spontaneous field in SR
measurements, while this field is not detected in some other
magnetically ordered pyrochlores, and (iii) the anomalously
slow dynamics in the paramagnetic phase.

The all-in—all-out magnetic structure has been predicted for
antiferromagnetically coupled Ising spins [49]. However, the
T3 temperature dependence of the specific heat implies that
magnon-like excitations are present and therefore the spins
cannot be entirely Ising-like. A recent computation using
a gauge mean-field approximation and incorporating spin-
exchange terms other than the Ising term has appeared [50].
It predicts the all-in—all-out phase for a range of exchange
parameters. Unfortunately this result cannot be tested since no
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formulas for the velocity ve or the static susceptibility x in
terms of exchange parameters have been given.

Recently the concept of fragmentation for Ising anisotropy
pyrochlore compounds was introduced [17]. The field asso-
ciated with the magnetic moments of an isolated tetrahedron
is proposed to split into divergence-full and divergence-free
parts. Within this model a long-range order is modeled by
the first part of the Helmholtz decomposition. The second part
corresponds to a fluid of monopoles. Since the divergence-free
field does not exist for the ground state of the all-in—all-out
magnetic structure, there is no reason for the spontaneous
field to flip [9], and therefore its detection for Nd,Sn, 07 is
naturally explained. We note that the low-temperature moment
is not collinear with the local threefold axis for Tb,Sn,07,
Yb,Sn;07, and Yb,Ti,O;. Hence the fragmentation model in
its present status is not applicable to these three compounds.
Note that the physics of Tb,Sn; 0Oy is, in any case, complicated
because Tb>' is a non-Kramers doublet and therefore the
lattice is subject to crystallographic distortions.

Slow paramagnetic dynamics might be a general property of
magnetic pyrochlore compounds. It was uncovered early on for
Tb,TipO7 [43]. It has recently been characterized in Yb,Ti, O
and Yb,Sn, 07 [47]. As to its origin, emergent unidimensional
spin clusters—spin loops—i.e., peculiar molecular spin struc-
tures, are a natural candidate. Excitations supported by these
structures were recently suggested to drive persistent spin
dynamics for T < T, as measured by A [2]. The interactions
between quasiparticles above T, may renormalize them, which
would lead to the observed temperature dependence of A.
Spins involved in these structures are expected to display
short-range correlation effects and their dynamics should
be relatively slow in comparison to magnetically isolated
spins. These structures have rarely been discussed theoreti-
cally [3,4,51]. They are a natural occurrence in pyrochlore and
kagome lattices.

While spin dynamics has been consistently observed in
numerous studies of pyrochlore systems, the present work
suggests that it signals phenomena of quite different origins.
The temperature-independent 1SR rate when 7 — 0 and the
anomalously slow dynamics revealed here are attributed to
correlated spin loops. The absence of a spontaneous field
would result from the divergence-free part of the magnetization
field in compounds with components of their magnetic
moments along local threefold axes.

For further progress, the published fragmentation model,
which only considers classical Ising spins [17], should be
generalized to quantum spins with components perpendicular
to the local threefold axis [52]. The generic nature of the
unidimensional excitations should be addressed. On the exper-
imental front, extending the study of insulating corner-sharing
regular tetrahedra systems to normal rare-earth spinel systems
is poised to provide more examples of exotic spin dynamics
as recently shown [2,53].
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