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Abstract

FeCr,S4 orders magnetically at Ty & 170 K. According to neutron diffraction, the ordered state
down to 4.2 K is a simple collinear ferrimagnet maintaining the cubic spinel structure. Later
studies, however, claimed trigonal distortions below ~60 K coupled to the formation of a spin
glass type ground state. To obtain further insight, muon spin rotation/relaxation (1 SR)
spectroscopy was carried out between 5 and 200 K together with new 3’Fe Mossbauer
measurements. Below ~50 K, our data point to the formation of an incommensurately
modulated noncollinear spin arrangement like a helical spin structure. Above 50 K, the spectra
are compatible with collinear ferrimagnetism, albeit with a substantial spin disorder on the scale
of a few lattice constants. These spin lattice distortions become very large at 150 K and the
magnetic state is now better characterized as consisting of rapidly fluctuating short-range
ordered spins. The Néel transition is of second order, but ill defined, extending over a range of
~10 K. The Mossbauer data around 10 K confirm the onset of orbital freezing and are also
compatible with the noncollinear order of iron. The absence of a major change in the
quadrupole interaction around 50 K renders the distortion of crystal symmetry to be small.

Due to unusual properties such as colossal magnetoresistance
(CMR) [1, 2], multiferroicity [3-6], and strong spin—phonon
coupling effects [7-10], spinels and, in particular, chromium
based spinels have attracted considerable attention for many
years. In the normal spinel structure AB,X4, the A-site ions
are tetrahedrally and the B-site ions octahedrally coordinated
by the X ions (oxygen, sulfur, or selenium) [11]. Both sites
experience strong magnetic frustration. The A-site ions form
a diamond lattice with frustration originating from competing

6 Author to whom any correspondence should be addressed.

interactions between nearest and next nearest exchange
couplings [12]. The B-site ions form a pyrochlore structure,
which is a geometrically frustrated three-dimensional lattice.
In FeCr,S, the magnetic couplings are transmitted by indirect
exchange for both sites [11]. A variety of magnetic states
between long-range order (LRO) and spin glass (SG) behavior
is often formed by the action of frustration [13—16].

FeCr,S, is a semiconductor entering LRO around 170 K.
Early powder neutron diffraction data [17, 18], which
compared only the 300 K and the 4.2 K patterns, reported the
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LRO spin structure to be a collinear ferrimagnet formed by
antiferromagnetically coupled ferromagnetic Fe and Cr sub-
lattices. The ordered moments were derived to be g =
42 pug and puer = 2.9 up. Also stated was that the
cubic spinel structure is maintained at 4.2 K. In contrast,
Mossbauer data of the same period indicated a structural
transformation around 10 K, based on the unusual temperature
dependence of the quadrupole interaction for the tetrahedrally
coordinated Fe?* [19, 20]. The temperature dependence of
transmission electron microscopy data of single crystalline
FeCr;S,4 indicated a cubic to triclinic symmetry reduction at
~60 K [21]. Previously, a cusp-like feature had been observed
in the temperature dependence of the magnetization at this
temperature [22], together with a separation of the field cooled
and zero field cooled magnetization curves and the appearance
of slow magnetic relaxation. The formation of a re-entrant SG-
like state was suggested. Ultrasound measurements [23] on
single crystalline FeCr,S4 found the temperature dependence
of the sound velocity to be characterized by three distinct
anomalies at 176, ~60, and ~15 K. The authors conclude
that the upper value reflects the Néel temperature, the middle
value the structural transition and the lower value orbital
moment freezing as seen in specific heat data and dielectric
spectroscopy [24].

In this communication we report on uSR spectroscopy of
polycrystalline FeCr,S4, performed within a general program
of uSR studies of various thio-spinels. A ©SR investigation
seems to be particularly appropriate for checking the stability
of spin order in FeCr,S,4, due to the particular sensitivity of
this technique to local disorder inside long-range ordered spin
lattices. In addition, we carried out Mossbauer spectroscopy
on the same material with the aim of relating its hyperfine
parameters to features of the SR spectra.

A similar study on FeysCugsCr,S4, which often serves
as a model substance for understanding CMR behavior in the
Cr thio-spinels, has been published recently [25]. There we
showed that a spin reorientation within the ferrimagnetic spin
lattice takes place around 100 K.

Polycrystalline ternary FeCr,Ss material has been
prepared by solid state reaction from high-purity elements
Fe (99.99%), Cr (99.99%), and S (99.999%) in evacuated
quartz ampules. To prevent formation of anion vacancies
known as the dominating defects in the chalcogenide spinels,
the synthesis temperature was restricted to 750°C. At this
temperature the diffusion rate is rather low and, therefore, to
reach complete reaction, four sintering cycles were necessary,
including regrinding and pressing of the ceramics after each
cycle. For each cycle the soaking time at high temperature
was one week followed by slow cooling (30°Ch™!) to
room temperature. Annealing of the final product in sulfur
atmosphere and/or vacuum was additionally performed to
control the materials properties. Sample homogeneity and
phase content was checked by x-ray powder diffraction at
room temperature. The diffraction data indicated pure FeCr,Sy4
spinel and absence of spurious phases within the limit of
detection (2-3%).

For the nSR measurements the powder was pressed
between thin aluminized Mylar foils and positioned inside the

center tube of a He-flow cryostat. The location of the sample
within the He flow ensured proper, uniform, and highly stable
sample temperature. The SR spectra were measured for two
separately prepared samples in zero applied field (ZF) and
weak transverse field (TF) at the Swiss Muon Source (PSI)
between 5 and 200 K. Surface muons in connection with either
the GPS or the DOLLY spectrometers were employed. The
‘veto’ mode [26] was enabled which suppresses the unwanted
background signal from muons stopped outside the sample.
Data were taken for both samples under the same conditions at
a number of temperatures. No difference in the spectra could
be seen and therefore there is no need to distinguish the results
according to the two sequences of measurements. The time
resolution was 1.25 ns and both spectrometers have an initial
dead time of 5 ns.

Details on the uSR technique can be found, for example,
in [27-31]. The pSR spectrum is a plot of the measured
backward—forward count rate asymmetry A(z) versus time,
where t = 0 is the time at which the muon is implanted into
the sample. Usually a time span of three to four mean muon
life times (7, = 2.2 us) is covered. The spectrum is generally
described by

A(t) = AoG(1). €))

Here Ay is the initial (# = 0) asymmetry which depends on
details of the spectrometer (Ap = 0.22 in the present case).
G (t) is the muon spectral function reflecting the magnitude,
the static distribution, and the temporal behavior of the internal
magnetic field B, created by the magnetic moments (both
atomic and nuclear) surrounding the muon at its interstitial
stopping site and/or by an externally applied field. Except in
metals of very high purity, one can safely assume the muon
to be stationary within the temperature range covered in this
study. Unfortunately, the stopping site itself is not known.
Its determination usually requires single crystal data. The
properties of B, derived from G(t) can rather directly be
related to the corresponding properties of the magnetic spin
system. Since the atoms of the constituents (Fe, Cr, S) do
not contain isotopes having nuclear dipole moments in sizable
natural abundance, nuclear-electron double relaxation of muon
spins [32] need not be considered.

Figure 1 shows spectra recorded at 175 and 170 K in a
weak transverse field. The 175 K spectrum is typical for a
paramagnet whose spectral function is

G (1) = exp(—Apart) OS2 v, 1) 2)
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being the muon gyromagnetic ratio. The relaxation rate
Apar = ¥ (Bj)Ts depends on the width of the distribution
of B, characterized by its second moment (static relaxation)
and the spin fluctuation rate 1/7s (dynamic relaxation). B,
is essentially the applied transverse field, except for a small
change caused by the magnetization of the paramagnet in an
external field (muon Knight shift). This is negligible here on
account of the low applied field (TF = 3 mT). At 170 K the
spectrum consists of two sub-spectra. The oscillatory pattern
having intensity A, is the (SR response of a paramagnetic
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Figure 1. TF = 3 mT spectra of FeCr,S4 above and near the
magnetic ordering temperature. The solid lines are least squares fits
to a single oscillatory signal (equation (2)) at 175 K with x2 = 1.12
and to two signals (one oscillatory, the other a rapid exponential
relaxation relevant at early times) at 170 K with x> = 1.06. The
origin of these different spectral functions is discussed in the text.

fraction. The second signal, having intensity A, shows a
rapidly relaxing asymmetry and is considered to reflect a
magnetically ordered fraction. The condition A, + A, = Ag
must be fulfilled and the relative intensities A,/Aq and A,/ Ao
are directly the volume fractions of two coexisting magnetic
states. Figure 2 displays the temperature dependences of the
parameters of the TF spectra between 200 and 165 K. It is seen
that at around 175 K the formation of an ordered fraction sets
in. At 165 K nearly all of the sample volume has entered the
ordered state. Clearly, the transition between the ordered and
the paramagnetic phases is broadened, extending over ~10 K.
The broad transition range easily explains the scatter of Ty
around 170 K reported in the literature. The relaxation rate Apy,
rises sharply on approach to Ty from above, reflecting critical
slowing down of the paramagnetic spins (i.e. increase of ts).
This behavior indicates the Néel point to be a second-order
phase transition.

As mentioned, the magnetically ordered state below Ty
is usually considered to be a simple collinear ferrimagnetic
spin structure. In that case the ZF spectral function for a
polycrystalline powder sample is

G (1) = 2 exp(—Auanst) OS2 v,1) + L exp(—Aiong?).  (3)

The two terms (transverse and longitudinal) arise from
the usual approach to describe the isotropic average by
assuming that two thirds of the muons see an internal field
perpendicular to the initial orientation of their spins, resulting
in a muon spin precession. For the remaining third of the
muons, the internal field is oriented parallel to the muon
spins and no precession takes place. However, dynamic
muon spin depolarization, caused by the fluctuations of the
magnetic moments surrounding the muon, is described by
the longitudinal term. The longitudinal relaxation rate Ajong
is directly proportional to the magnetic spin fluctuation rate
1/7s. In the transverse term, muon spin relaxation is visible
as damping of the oscillatory pattern. The damping rate Ayans
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Figure 2. Temperature dependences of the volume fractions of the
paramagnetic and the LRO states (top), and of the paramagnetic
relaxation rate (bottom). The lines are guides to the eye.
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Figure 3. Fast Fourier transform of the ZF spectrum of FeCr,S, at
20 K. The line is a guide to the eye only.

originates from the static distribution of B,, and the fluctuations
of the magnetic moments. In general Ajong <K Agans, Which
allows us to neglect the dynamic contribution in the first term.
Then Ayans can be seen as a direct measure of the width of the
distribution of B,, coming from local disorder in the LRO spin
array.

Turning now to the low temperature data, one notices that
even a cursory inspection of the ZF spectra (e.g. at 20 K) shows
that they are more complex in appearance than described by
equation (3). Fast Fourier transforms (FFTs) of these spectra
clearly show the presence of two oscillatory frequencies. An
example is displayed in figure 3, where an upper frequency
(UFR) of vy &~ 50 MHz, and a lower frequency (LFR) of
v, &~ 30 MHz can be discerned. The spectrum needs to be
analyzed using the sum of two signals given by equation (3)
with relative intensities Ay/Ag and A /Ay, respectively. One



Table 1. Parameters of the SR spectrum of FeCr,S,4 at 20 K. These
numbers are typical for all spectra in the regime 7' < 40 K.

AU Vu )‘-lrans,U AL VL )"tranS,L )\]ong
(%) (MHz) (us™) (%) (MHz) (us™) (us™)
71 493 8 29 30.8 20 0.025

can simplify the situation somewhat by assuming that both
signals have the same longitudinal rate Ajo,,. There is one
additional problem to be taken care of. Due to the rapid initial
decay of A(#) on account of the relatively high frequencies,
one loses the very early part of the spectrum in the initial dead
time of the spectrometer. This means that data points close
to t = 0 are not visible and hence Ag cannot be obtained
directly. The total signal intensity of ©SR spectra measured
under identical geometric conditions must be independent of
temperature. This allows us to fix the initial amplitude to
Ao = 0.22 obtained from the TF spectra at high temperatures
(see figure 1).

Unfortunately, a least squares fit based on the considera-
tions just outlined remained unsatisfactory. The cause is the
large difference in amplitude between the first (at ¢+ = 0) and
the second (at t+ = 1/v) maximum of the oscillatory pattern,
while the following maxima are much less reduced in their am-
plitudes (see, for example, figure 4, top). Such a feature can-
not be described via exponential (or for that matter Gaussian)
damping when insisting on Ag = 0.22. A strong reduction be-
tween the first two oscillatory amplitudes is, however, a feature
of Bessel oscillations, meaning one has to replace equation (3)
by

G(1) = 2 exp(—huanst) Jo (2 vut) + 1 eXp(—Aiongt) (4

where Jy is the zero order Bessel function. Least squares
fits to the low temperature spectra using the sum of two
Bessel patterns, again with identical longitudinal terms, were
quite successful with values of the goodness of fit parameter
x> between 1.0 and 1.1. A pertinent example is shown
in figure 4, upper panel. Although the plot only shows
the early times, the least squares fit extended over the full
range measured 0-9 pus. The spectral parameters of the
20 K data are listed in table 1. Frequencies and relative
intensities correspond well to the Fourier plot. The low
value of the longitudinal relaxation rate means that the spin
system is essentially static. Also, remarkable are the moderate
values of the transverse relaxation rates, indicating fairly well
developed long-range order. Bessel oscillations in a uSR
spectrum appear in cases of incommensurately modulated spin
structures [33, 34]. Such a spin array then characterizes the
magnetic ground state of FeCr,S4. We return to a more detailed
discussion of this result further below after having looked at
the SR spectra at more elevated temperatures within the LRO
regime.

At 40 K a sudden strong increase of Ay,ns Occurs in the
spectral patterns, making the oscillatory features in the spectra
barely visible. A characteristic spectrum is shown in figure 4,
the lower panel. The Fourier transform also shows only a
broad, poorly developed peak with no structure. A fit with
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Figure 4. Early part of the ZF spectra of FeCr,S, at 20 K (top) and
70 K (bottom). The solid lines are the least squares fit discussed in
the text giving x> = 1.04 at 20 K and 1.05 at 70 K. The broken lines
are the extensions of the fits into the spectrometer dead time region.

two frequencies no longer makes sense. In fact, if enforced,
it damps out the UFR pattern immediately. Furthermore, there
is no difference in fit quality whether one uses cosine or Bessel
oscillation. Therefore, all spectra for 40 K < T < Ty were
analyzed using equation (3) with fixed Ay = 0.22.

The temperature dependences of the spectral parameters
of FeCr,S, obtained as described for T < Ty are plotted
in figure 5. There is little variation of parameters within the
regime where two frequencies are present. A slight rise in
A can be discerned when increasing the temperature from
2 to 15 K, but it is barely outside the error. Above 150 K
the transverse relaxation rises significantly once more. The
initial decay of A(?) is now given by Ayans rather than the first
oscillatory peak, which makes the determination of v,, difficult
and its values uncertain. The drop of v, on the final approach to
Tn cannot be substantiated, but is consistent with the behavior
of Apa above Ty indicating, as pointed out, a second-order
phase transition. According to the temperature variation of
the longitudinal relaxation, the system of magnetic spins leaves
the nearly static limit above 100 K reaching a fairly high spin
fluctuation rate close to Ty.

We now turn to the discussion of the information to
be drawn from the uSR spectra of FeCr,S,. Data taken
well within the paramagnetic regime (77 > 175 K) are
clear indications that only one single crystallographic muon
stopping site exists, although its location is unknown. The
existence of a unique muon stopping site is also verified by
the uSR spectra of FeysCugsCrySy [25]. Hence, the two
signal SR response at T < 40 K in FeCr,S4 must intimately
be connected to a change in magnetic structure. This leads
directly to the main conclusion that FeCr,S4 does not possess
a simple collinear ferrimagnetic ground state as originally
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Figure 5. Temperature dependences of the spectral parameters of
FeCr,S, in the magnetically ordered regime obtained from the least
squares fits discussed in the text. The dotted lines are guides to the
eye.

suggested [17, 18]. If that was the case, one would observe
a moderately damped single frequency sinusoidal oscillatory
pattern, as was the case in the low temperature spectra of
FepsCupsCr,S4, where the simple collinear ferrimagnetic
ground state is well established. Similarly, we can exclude the
suggested [22] SG magnetic ground state. The wSR spectral
pattern for an SG is unique (Kubo-Toyabe relaxation) [35]
which is in the present case altogether incompatible with the
observed low temperature spectra.

According to the presence of Bessel oscillation, FeCr,Sy4
must have an incommensurately modulated spin structure as its
magnetic ground state. Basically two types of spin modulations
exist. Either the moment magnitude, or the moment orientation
is modulated. The pertinent example of the first case is
the spin density wave (SDW) where the moment magnitude
is sinusoidally modulated [36]. The simplest realization of
the second case is a helical spin arrangement [37]. The
internal field B,, is generated predominantly, at least in poor
conductors, by the anisotropic dipole field of the moments
surrounding the muon. Hence it is sensitive to the magnitude
and the orientation of these moments. In contrast, By
measured by Mossbauer spectroscopy is isotropic and sensitive
only to the magnitude of the moment on the resonant atom.
The classical case of a sinusoidally modulated incommensurate
spin structure studied by Mossbauer spectroscopy is Tm
metal [38, 39] for 56 K > T > 40 K. The '“Tm spectra show,

as expected, a wide distribution in By Characteristic is the
presence of small fields which results in enhanced intensity
at the center of the spectrum. In the case of FeCr,S4 the
published Mdossbauer spectra at low temperatures [20] show
a well defined By and no additional intensity at the center.
Our own Mdssbauer data, which will be discussed in more
detail further below, gave basically the same result. Therefore
a modulation of moment magnitude must be excluded, leading
to the conclusion that FeCr,S; forms an incommensurate
helical spin array below 40 K. The distribution of internal
field magnitude seen by SR for such a spin structure has an
‘M’-shape [40]. It peaks at a minimum field Bl‘fi“ which is
different from zero, goes through a valley and peaks again at
the maximum field B**. The peak at B ;fi“ is lower than that at
B*. The distribution of B, (or v,) revealed in the Fourier
plot of the spectrum taken at 20 K (figure 3) corresponds
well to the field distribution described in [40]. Thus the
appearance of two frequencies, corresponding to Bl‘fi“ and
B A’fa", respectively, is a natural outcome for an incommensurate
spin helix.

Since uSR is a real space technique, it is unable to
reveal the exact spin arrangement. It is probably quite
complex since we have to consider two spin sub-lattices. Two
antiferromagnetically coupled cone-like spiral structures are a
distinct possibility. Strictly speaking, the exclusion of moment
magnitude modulation only holds for the Fe sub-lattice. If the
muon site was known, one could model possible spin structures
and calculate the resulting field distribution to be compared
with the ©SR data.

To summarize, the conclusion in favor of the presence of
some cone-like helical structure is based on the combination
of the present SR data and known Mossbauer and bulk
magnetic data. The Bessel-type ©SR signal indicates an
incommensurately modulated spin system. The Mossbauer
spectra exclude moment magnitude modulation, meaning
that orientational modulation of the moments (helical spin
structure) is present. The observation of a two frequency
1SR signal (from a single muon stopping site) is compatible
with a spin helix. Bulk magnetic data have established a
ferrimagnetic ground state. This then requires a cone-like spin
arrangement to produce ferromagnetic components. The exact
geometrical nature of this helical state cannot be inferred from
the present data. As it stands now, precise neutron diffraction
measurements are urgently called for.

At 40 K the transverse relaxation rate increases suddenly
and sharply. It reflects substantial spin disorder on a local
scale in the magnetic structure above 40 K. In Fey 5CusCrySy
such an increase of Ay, occurred as well (around 90 K),
but the damping decreased on further raising the temperature.
This is not the case in FeCr,S4 where Ayans stays high and
even increases further on warming. Also in FeysCugsCr,Sy
the spectral type did not fundamentally change above 90 K
while in FeCr,Sy at 40 K a switch from a two frequency to a
single frequency spectrum together with a likely change from
incommensurability to commensurability takes place. This is
then not a mere spin reorientation transition. The data rather
indicate the development between 40 and 50 K of a new LRO
state whose SR spectra are compatible with a simple collinear



ferrimagnetic spin structure having strong local disturbances.
This spin disorder is substantially larger in FeCr,S4 compared
to FepsCugsCryS4.  Whether the change in spin structure
around 40 K is connected to the triclinic distortion reported
to occur at 60 K [21] cannot be decided by uSR. The
difference in characteristic temperatures may again arise from
differences between single crystalline and powder samples.
The final approach to Ty sees another major increase of Atrans
in FeCr,S4. This feature is also not present in Fe 5Cug 5Cr,Sy4
where Aqgns saturates at a comparatively low value near Ty.
One may question whether one can still speak of an LRO spin
arrangement above ~150 K in FeCr, S, since the width of the
field distribution (AB,, ~ 250 mT) is much larger than the
mean field ((B,) ~ 50 mT). The actual situation may be a
nearly random, dynamically short-range ordered spin state.

Over the whole helical state, the spin system remains
essentially static (Ajong ~ 0). In the collinear ferrimagnetic
state the temperature dependence of Ajong is quite similar to
that seen in FepsCupsCr,Sy, that is, a monotonic rise on
approach to Ty. A possible explanation of this feature is given
in [25] based on theoretical considerations outlined in [41].
Neither in Fey5Cug5Cr,S4 nor in FeCr,S4 does one observe
any irregularity in Ajpg at the transition points of 90 or 40 K,
respectively.

The Néel transition is of second order and not well defined.
The paramagnetic fraction rises continuously between 165
and 175 K. Above 175 K the whole sample is in a weakly
correlated, paramagnetic spin state. It does not split into two
fractions, one weakly, the other strongly spin correlated as has
been observed, for example, in the frustrated spinel system
MAI,O4 with M, = Mn, Fe, Co [16].

Finally, we briefly discuss the Mossbauer data. Of the
several studies available [19, 20, 42, 43] none presents data
over the whole temperature range of interest (4.2 to ~200 K).
For this reason, and in order to have data on the same material
used in the uSR work, we have carried out a new Mossbauer
study. Overall, our spectra have the same form as those shown
in previous studies.

The iron is, as expected, in the divalent charge state. A
small fraction of iron atoms (<5%) is in the 3+state. They
are visible in spectra with very good statistical accuracy by
the outermost resonance lines of a magnetic hyperfine pattern,
but the inner resonance lines cannot be resolved from the
dominating Fe?* signal and thus we have no information on
the chemical nature of the trivalent iron. The visible part of
the Fe’" resonance remains essentially unaltered between 4
and ~100 K, a temperature region where the Fe>* resonance
changes markedly. At higher temperature the Fe** signal can
no longer be seen because the magnetic hyperfine splitting has
collapsed. The decoupling between the 24 and 3+ signals
points strongly towards the presence of an impurity phase
whose fraction is below the sensitivity of the original x-ray
diffraction (XRD) check. It is also not unlikely that the
Fe’* ions were created in the additional fine powdering of
the material needed to produce a uniform Mossbauer absorber.
This increases the sensitive surface area and it has recently
been observed in an x-ray photo-electron and absorption study
of Fe;_,Cu,Cr,S, that Fe>* ions were present at surfaces
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Figure 6. "Fe Mossbauer data of FeCr,S,: Temperature
dependences of the hyperfine field By (top) and the quadrupole
interaction QI (bottom). The solid lines are guides to the eye. The
dash-dotted lines mark the temperature at which irregularities occur.
The dotted line is the extrapolation of By if no change at 50 K
occurred.

which had been absent in the sample as-grown [44]. As stated
earlier, the strength of a SR signal is directly proportional
to the volume fraction of the corresponding compound. For a
fraction in the few per cent region the signal will be hidden
in the statistical fluctuations of the main signal and hence the
conclusion drawn from the uSR spectra of FeCr,S, remains
unaffected.

The Mossbauer spectra in the paramagnetic regime show
the expected unbroadened single resonance line. Together
with the appearance of a magnetic hyperfine field By below
165 K an electric quadrupole interaction (QI) also appears. Its
magnitude rises continuously on cooling to 10 K (see figure 6).
The existence of a QI is unexpected because of the cubic
(tetrahedral) coordination of Fe on the spinel A-site. The
electric field gradient (EFG) present for 7 < Ty is probably
generated by the mechanism known as ‘magnetically induced
quadrupole interaction’, a consequence of spin—orbit coupling.
Such a behavior is commonly observed in f-element materials
and easily treated theoretically [45]. In transition element
compounds the effect is usually small and its theoretical
treatment is considerably more complex. The case of Fe’t in a
cubic environment is dealt with extensively in [46]. The main
point is that the induced EFG is essentially oriented parallel
to Bps. Our Mossbauer spectra above 50 K reveal small axial
EFGs with a slight distribution which may originate from the
presence of small Euler angles between field gradient axes and
the magnetic hyperfine field. The reason could be a minor
lattice distortion leaving the collinear magnetic arrangement
undisturbed. No major change in QI is seen at 50 K where a
change in crystal symmetry has been reported. An additional
lattice EFG is possible, but it must be rather small. The



distortion of the spinel lattice is minute. It should be kept in
mind, however, that the detection of the lattice distortion [21]
was performed with a single crystal and that the method used
(electron diffraction) senses the surface of the specimen. It
could be a surface reconstruction and not a bulk effect.

According to the wSR spectra, the transition into the
helical spin array occurs between 50 and 40 K. The major
part of the EFG remains magnetically induced and the EFG
is therefore locked in the direction of Bys. The presence of a
well defined EFG is thus no contradiction to an orientationally
modulated magnetic structure. A dramatic alteration of the
QI, affecting both magnitude and sign, occurs around 10 K.
This has been seen before [20]. In view of the results reported
in [24], one can attribute this feature to the onset of orbital
ordering. The d-orbits are now spatially fixed, which clearly
affects the QI profoundly. A careful analysis of line positions
and intensities of the Mossbauer spectra using a Hamiltonian
including EFG and magnetic hyperfine interaction with the
proper Euler angles [47], reveals that in this temperature
range we have iron sites with identical EFGs yet different
angles between the EFG main axes and the magnetic field.
This clearly speaks for a spiral or helical spin structure, in
agreement with the conclusions drawn from uSR. The SR
parameters are not significantly affected around 10 K (see
figure 5), meaning that the ordered moments do not change. A
detailed discussion of the Mossbauer data taking into account
the electronic level structure in crystalline electric field of iron
for the present case is forthcoming [47].

In the temperature dependence of By a somewhat unusual
behavior occurs around 165 K. At 163 K the spectrum
clearly shows magnetic hyperfine splitting, but at 165 K
no hyperfine splitting is present. In contrast, the SR
spectrum is still magnetic at 165 K which is the lower
border temperature where a paramagnetic fraction appears
(see figure 2). Only above 175 K does uSR see a
fully paramagnetic compound. Obviously the responses of
Mossbauer and wSR spectroscopies in the transition region
to paramagnetism are different. This might be connected to
the presence of the highly dynamic short-range ordered state
formed according to uSR above 150 K. The two methods
sense spin fluctuations differently and it appears that, on the
timescale of 3’Fe hyperfine interactions, this spin state is
viewed as a paramagnetic state. Between 150 and 50 K
the temperature dependence of By is a monotonous rise, but
beginning around 50 K the field decreases on cooling rather
than rising slightly toward saturation. The result suggests that
the spin structure above and below ~50 K is not the same,
as verified by uSR, but the smallness of the change in Byt
shows that a major change in electronic structure does not
take place. The slight irregularity in Bne(7) around 10 K
cannot be guaranteed. The number of parameters has increased
(e.g. Euler angle and asymmetry parameter) which makes it
difficult to find the correct best fit. The main finding, namely
the dramatic change in QI is independent of the fit procedure.

In conclusion, the main result of this study is that the
notion of a simple collinear ferrimagnetic structure over the
whole temperature range below Ty is not correct. The magnetic
ground state of FeCr,Sy is based on helical spin structures

appearing below ~50 K. This is important due to the fact
that FeCr,S4 could be a further candidate for spin-driven
ferroelectricity [48]. In these compounds, spiral spin order
can break inversion symmetry and spontaneous polarization is
induced via an inverse Dzyaloshinskii—-Moriya interaction. So
far there is no proof for ferroelectricity in the title compound
and dielectric studies cannot easily be interpreted due to
enhanced conductivity contributions. Detailed experiments
are, however, in progress to investigate this issue.

The pronounced change in quadrupole interaction seen
in the Mossbauer spectra verifies the occurrence of orbital
ordering around 10 K. Neither By of 3’Fe nor B, are seriously
affected at this temperature, indicating that no change in
moment magnitude occurs.

Above ~50 K, the uSR data are consistent with the
normal ferrimagnetic structure commonly ascribed to FeCr, Sy
which, however, possesses in addition marked local disorder
(over the distance of a few lattice constants) in its LRO
spin arrangement. This disorder, accompanied by a rising
fluctuation rate, becomes so pronounced above 150 K that up
to Ty = 170 £ 5 K, as defined by 1SR and susceptibility, the
spin state is better described as consisting of rapidly fluctuating
short-range ordered spins. The transition into paramagnetism
as seen by SR is of second order but exhibits a roughly 10 K
spread. It is noticed that the spectral response to the dynamic
short-range ordered state is different for ©SR and Mossbauer
spectroscopy.
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