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Abstract

Despite the observation of magnetic neutron reflections at low temperatures,
muon-spin experiments have suggested the ground state of the geometrically
frustrated magnetic material Tb,Sn,O7 to be dynamical. This unique situation
requires additional characterizations of this magnetic ground state. Here we
report a neutron spin-echo investigation which supports the existence of a
dynamical component in the ground state. This result is backed by a thorough
analysis of the diffraction profiles. A physical model is put forward in which
the energy splitting between the ground and first excited states of the Tb** ion
is comparable to other energies present in this frustrated system.

(Some figures in this article are in colour only in the electronic version)

In many systems of physical interest, the configurations that minimize energy at the local
level cannot propagate freely throughout space, due to constraints imposed by the nature of
the interactions and the geometry of the lattice. This is a situation referred to as geometrical
frustration. Examples are found in nature in different systems, including biological materials,
some classes of liquid crystals and magnetic materials. Among the magnetic compounds, those
crystallizing in the pyrochlore structure, a three-dimensional arrangement of corner-sharing
tetrahedra, are of special interest because of the low connectivity of the structure and therefore
the expected large degeneracy of their ground state. Examples of them are the R,M,04
insulators, where R is a rare-earth ion and M = Ti or Sn. These have been the point of focus in
recent years [1-3].

5 On leave from: CNR, Istituto di Cristallografia (CNR-IC), I-70126 Bari, Italy.
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A near-universal consequence of geometrical frustration is the shift of the magnetic
transition temperature of the system to a temperature much lower than would be expected
based on the strength of the interactions. In addition, the ordered magnetic structure, if it
exists, is usually non-collinear. Tb,Sn,O7 is a typical case where, despite the large Curie—
Weiss constant, Ocw = —12 K [4], the magnetic ordering occurs only at very low temperature.
A non-collinear ordering appears at temperatures below the temperature 7, >~ 0.88 K at which
a well-defined peak is seen in the specific heat [5]. The saturation value of the Tb** magnetic
moment (utp) is 5.6 (3) up [, 6]. The magnetic reflections observed by neutron scattering
are broader—and differently shaped—than the instrumental resolution function. The analysis
of the nuclear specific heat suggests the ground state to be dynamical®. This is confirmed
by muon-spin relaxation («SR) experiments, which provide a timescale for the fluctuations:
T, 107195 [6]. Later on, a second SR work confirmed this picture qualitatively. However,
the value of 7, = 5 x 10~ s derived by Bert et al [7] from the analysis of the field dependence
of Az with the Redfield formula is dubious because Az does not follow the field dependence
predicted by that model [6].

That a magnetic ground state is dynamical and exhibits neutron magnetic reflections is
by itself uncommon: it will be discussed further after the exposition of our new experimental
results.

We shall present neutron spin-echo (NSE) measurements designed to study the spin
dynamics of Tb,Sn,07, mainly below Tg,. In addition, we shall report a thorough analysis
of the profiles of the magnetic reflections recorded at 0.11 K. These two sets of results will be
discussed in relation to published data. Their implications concerning the magnetic properties
of the Tb,Sn, 07 ground state will be spelled out. In addition, in view of these results, we shall
propose new studies for the two intriguing heavy fermion systems UPt; and URu,Si;.

NSE gives access to the intermediate scattering function, S(Q,?), which carries
information on both spatial and temporal spin correlations. It has been used intensively for
the study of geometrically frustrated magnetic materials; see [8] and references therein. It is
sensitive to fluctuating spins in the time range 10~''~10~% s. The measurements were carried
out with the IN11A spectrometer at the Institut Laue-Langevin (ILL), operating at a neutron
wavelength of 5.5 A (bandwidth 15%). The powder sample was the same as in [6]. It was
cooled down using an *He insert installed in a so-called ILL orange cryostat. The data were
taken in the temperature range 0.33 K < 7 < 1.17 K.

Terbium stannate, Tb,Sn,O7, is an insulator that crystallizes into the cubic space group
Fd3m with the lattice parameter ¢ = 10.426 (1) A at room temperature and the free position
parameter allowed by the space group for the 48f site occupied by oxygen, x = 0.336 [5, 6].
Powder neutron diffraction measurements have uncovered a magnetic structure with both
ferromagnetic and antiferromagnetic components below Ty = 1.3 (1) K, where non-liquid-
like short-range magnetic correlations appear [5]. A steep increase in urp is observed on
cooling in the vicinity of Ty, concomitantly with a narrowing of the magnetic reflections, which
are still not resolution limited at low temperature [5, 6]. The magnetic structure adopted by
Tb,Sn,O7 implies a lowering of the space group symmetry, presumably due to a relatively
strong magneto-elastic coupling. The tetragonal group 74;/amd was found to be consistent
with the experimental data [5].

In figure 1 we display NSE spectra recorded for 7" < 1.17 K. Quantitatively, the spectra
for T > 0.85 K have been fitted to the sum of a stretched exponential and a constant term. This
phenomenological approach provides a proper description of the data. It indicates a complex

6 The magnitude mc of the magnetic moment inferred from the nuclear specific heat, as quoted in [5], is erroneous.
In fact, megr = 4.5 (4) up. We thank P Bonville for a discussion on this matter.
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Figure 1. NSE results for TbpSnyO7, at a momentum transfer @ = 0.08 A_]. Left-hand
panel: spin-echo signals at various temperatures. The time window runs from 4 x 107'2 to
8 x 107 s. For temperatures greater or equal to 0.85 K, we plot as continuous lines the result
of fits with $(Q,1) = Alexp[—(t/tnse)?] — 1} + 1. S(Q,1) = S(0,1)/S(Q,t = 0), where
S(Q,1) = f S(Q, w)exp(iwt) dw is the dynamical magnetic structure factor. As indicated by
polarization analysis (not shown here), for temperatures lower than 0.85 K, the neutron beam is
slightly depolarized through the sample. The depolarization is of the order of a few per cent. The
measured values of the S(Q, ¢ = 0) points are consequently smaller than they should be, and so
the deduced S(Q, t) function is shifted upwards without changing its shape. The dashed—dotted
lines are guides to the eye. We take heed of the instrumental resolution by dividing the signal
from our sample by that of Hoj 3Y( 7Ti»O7, which is characterized by an elastic scattering (time-
independent S(Q, 7)) at low temperature. Right-hand panel: magnetic structure factor S(Q,t = 0)
versus temperature. The half maximum amplitude is located near 0.85 K, whereas the temperature
where we observe a well-defined peak in the specific heat is Ty, = 0.88 K [6]. The dashed—dotted
line is a guide to the eye.
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Figure 2. Fit parameters of the NSE signals versus temperature. Left-hand panel: the empty circles
show the amplitude A and the filled one the exponent . Right-hand panel: spin fluctuation time
TNSE, as determined by NSE.

relaxation mechanism with more than one relaxation channel at play. The NSE experiment
does not probe all of them. This justifies that the expression for S(Q, t) does not vanish at
large time in the NSE scale. As shown in figure 2, the fluctuation time deduced from the NSE
measurements is in the range of 107! s. Even at 0.80 K, for which the magnetic reflections
are intense, as gaged by S(Q, ¢t = 0) (see figure 1), spin dynamics is still observed in the NSE
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Figure 3. Profile of the (220) magnetic reflection obtained from the subtraction of diffraction
patterns recorded at 0.11 and 1.23 K with neutrons of wavelength 2.453 A on a polycrystalline

sample of TbySn;O7. The wavevectors Q and Qop are expressed in A~!. The different lines
represent the instrument resolution, the intrinsic profile and the fit to the data that is obtained from
a convolution of the latter two. The two data sets and associated profiles correspond to Q — Q220
respectively positive and negative. The measured profile for |Q — Q220| > 0.03 A approximately
follows a power law with an exponent ~—1.8: the (220) magnetic reflection, as well as the other
reflections, have an approximately Lorentzian shape.

spectrum. From the slope displayed by the 0.80 K signal, the spin fluctuation time is estimated
to be about 2 (1) x 107105,

For T < 0.80 K, no dynamics is evidenced by NSE. However, we shall show below that a
careful analysis of the magnetic reflection profiles measured in powder diffraction is consistent
with the presence of spin dynamics at lower temperature.

Our diffraction experiment performed at 100 K (not shown) indicates the atomic coherent
domains to be very large, i.e. at least 1 um. The magnetic reflections are yet found to be much
broader than the nuclear reflections, with Lorentzian-like heavy tails that are completely absent
in the instrumental profile, which is a poly-Gaussian. The broadening in Q is found to be the
same for the different magnetic reflections, which have been measured, i.e. from (111) to (511),
by increasing the scattering angle. Figure 3 shows the profile of the (220) magnetic reflection.

A Lorentzian-like peak shape is a textbook indicator (see, for example, chapter 5 of [9])
of size broadening. However, that is not the only possibility, as we shall discuss later. Size, of
course, refers to the ordered magnetic domains, which may well be smaller than the domains
of atomic order. Therefore the magnetic reflections were fitted to a distribution of domain
sizes, assuming the domains to be spherical and sharply defined. As a lattice is intrinsically
discrete, a continuous size distribution is not very meaningful; it is a valid approximation only
if the distribution varies very little over one lattice constant, and in this instance this is not so.
Therefore we used a discretized distribution of radii Ry, with a constant step AR. The latter
is chosen, with specific attention to the face-centered cubic lattice, as the smallest one that
guarantees an integer number of cells in each kth sphere. As it turns out that AR < a, the
discretization is not coarse at all. The peak profiles corresponding to the different domain sizes
were added together with weights given by the size distribution function, and subsequently
convoluted with the instrument resolution function. In the experimental profile fit, we used
comparatively the log-normal and gamma size distribution functions, which are appropriate for
crystalline powders [10] and polycrystals [11], respectively. These both give similar results.
Figure 3 presents the (220) peak profile description using the discretized gamma distribution
shown in figure 4.
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Figure 4. Size distribution P(R;) computed from measured profiles for TbySnyO7 versus
the radius of the magnetic domains R;. The computation has been performed assuming the
gamma distribution, which is well-adapted to magnetic domains. This can be written P(Ry) =
RE™ " exp(—Ri/0)/10°T ()], with Re = (k + 1/2) AR, AR = a(27/3)"'/3 (where a is the
lattice parameter), I" the Gamma function, ¢ = (R, /UR)2 and 0 = O’I% /R, (where R, is the average
radius and oR its standard deviation). The best match to the experimental data is obtained with
R, = 2.9 (3) nm and or = 2.6 (3) nm. The first size which is considered in the distribution is R,
since Ry is unrealistic (Ry < a). P(Ry) is well approximated by an exponential distribution (full
line) proportional to exp(— Ry /U) with a decay length U = 1.68 nm.

In general, the maximum of P(Ry) gives the most frequent domain size [12]. As seen
in figure 4, our distribution decreases monotonously with the domain size and it is well
approximated by an exponential, with maximum at zero size. Similar remarks hold for the
log-normal distribution (not shown). Remarkably, the most frequent domains would contain
just a few spins. This is not understandable in the static picture, where domain size should be
a consequence of the interplay of surface and volume magnetic energies. This suggests that
the observed line broadening results from quasi-elastic scattering. In this framework, assuming
a linear energy—momentum dispersion, we tentatively estimate a bound on the characteristic
scattering timescale 7,.. For a given reflection, we denote K, as the wavevector of the
elastically scattered beam and AK, as the change in wavevector resulting from the quasi-
elastic process. The broadening arises because the scattered neutrons wavevectors are spread,
with a width AK ;. With our notation, the change in energy during the scattering is written
as AE = [h?/Cm)I[(K; + AK)? — Kj] ~ [7%/(2my)]12K s AK f cos ¢, where m,, is the
neutron mass and ¢ is the angle between Ky and AKy. Previously, the 2K  AK s cos ¢ term
rather than (AKf)2 was neglected [6]. Since AK; = AQ/sin¢, where AQ measures the

half-width at half maximum of the intrinsic peak profile (AQ = 0.0075 A_]; see figure 3),
an order of magnitude for the change in energy of a neutron during the scattering process is
evaluated to be 80 ueV.” Using the energy—time Heisenberg uncertainty relation, we then get
a bound for the spin fluctuation time 7, = 8 x 107! s. The constant Q-width results probably
from an approximately isotropic distribution of AKj.

In conclusion, NSE, neutron diffraction, #SR and the nuclear specific heat measurements
all point to a dynamical Q-component in the ground state of Tb,Sn,O7 at low temperature with
a timescale in the 107'° s range. We recall that the field at the muon site, By, is expressed
as a weighted sum of Fourier components of wrp; see e.g. equation A13 in [13]. The non-

observation of a #SR Larmor precession frequency reflects the overwhelming contribution of

7 This order of magnitude is calculated for ¢ = /4, the scattering geometry for which ¢ = 0 does not indeed
contribute to the reflection broadening.
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the dynamical Q-component in Bj.. The uSR data rule out a picture which would assume the
compound to be spatially inhomogeneous, for example made of conventional ordered domains
mixed with paramagnetic domains.

The number of compounds for which neutron magnetic reflections are observed while a
defined SR signature of a phase transition temperature is not detected is extremely restricted.
To the best of our knowledge, only UPt; [14, 15]%, URu,Si, [16, 17] and Er,Ti,O [18, 19]
have these properties. We should discard the last compound, at least for the time being, since
it is still unknown if symmetry arguments cannot explain the vanishing of Bjo.. Interestingly, it
is known that UPt; and URu,Si, display Lorentzian magnetic reflections [20]. An analysis of
the profile of these reflections along the lines of this report would be worthwhile.

Why is Tb,Sn,O7 so special? We first note that the crystal field of the Tb** ions in
Tb,Ti»O7 at low energy has a doublet—doublet structure [21]. Since Tb,Sn,O7 crystallizes
in the same space group in its paramagnetic phase, the same structure is expected. Guided by
the differences in the quadrupole splitting as measured by '>Gd Mossbauer spectroscopy [22],
we estimate the doublet—doublet splitting is reduced by no more than ~30% in the stannate
relative to the titanate, i.e. a splitting of at least 13 K is computed for Tb,Sn, 7. Therefore, at
sufficiently low temperature the magnetic properties are, to a good approximation, determined
by the ground-state doublet. As pointed out earlier, a lowering of the space group symmetry has
been observed at low temperature. This leads to a splitting of the ground-state doublet which
seems to be of the order of 1.5 K [5]. Because of the breaking of time-reversal symmetry
below Ty, the ground state is magnetic. We compute ut, = g;us{+|J;|+) f(8/az), where
g = 3/21is the Landé factor, |+) is one of the doublet wavefunctions and f (§/az) is a function
that depends on the ratio of the crystal field splitting, §, to the Zeeman energy arising from
the molecular field, az. By definition, f(0) = 1, and it decreases monotonously with §/az.
Interestingly, a recent expression of [+) [23] leads to g (+|J;|+) = 5.5, whereas we compute
gy (+|J;|+) =~ 4.5 for another proposed wavefunction [24]. From estimates of § and az, we
deduce f > 0.9. Hence the former wavefunction is consistent with the experimental estimate
of ur,. We speculate that the fluctuations observed in Tb,Sn,O7 below Ty, are induced by
transitions between the ground and first excited states resulting from the degeneracy lifting.

In summary, we have presented neutron scattering data that support the existence of a
dynamical component in the ground state in Tb,Sn,O7. In addition, we have sketched a
physical model that can explain this observed dynamical character. The Tb>t ground-state
doublet is split into two singlets separated by an energy of the order of the effective interaction
energy [25] accounting for the exchange and dipole interactions. This suggests that the
dynamics arises from transitions between the ground and first excited states. To put the model
on a firmer ground, a detailed investigation of the crystal field would be welcome, as well as a
detailed theoretical study.
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