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Abstract

Powder samples of Fe;_,Cu,CryS4 with x = 0, 0.2, 0.5, 0.8 were studied, between 5 and
300 K. The results reveal that for x < 1, the magnetic order in the series is more varied than
the simple collinear ferrimagnetic structure traditionally assumed to exist everywhere from the
Curie point to T — 0. In FeCr,S4 several ordered magnetic phases are present, with the
ground state likely to have an incommensurate cone-like helical structure. Feg gCug2Cr2Sy is
the compound for which simple collinear ferrimagnetism is best developed. In
Fe(.5Cug.sCrpS4 the ferrimagnetic spin structure is not stable, causing spin reorientation
around 90 K. In Fep »Cug gCr,S4 the ferrimagnetic structure is at low temperatures
considerably distorted locally, but with rising temperature this disorder shows a rapid
reduction, coupled to increased spin fluctuation rates. In summary, the present data show that
the changes induced by the replacement of Fe by Cu have more profound influences on the
magnetic properties of the Fe|_,Cu,Cr,S4 compounds than merely a shift of Curie
temperature, saturation magnetization and internal field magnitude.

1. Introduction

Features like colossal magnetoresistance (CMR) have made
chromium based spinels a target of intensive research for
many years [1]. In the normal spinel structure AB,X4y,
the A-site ions with nominal valence 2+ are tetrahedrally
coordinated and the B-site ions with nominal valence 3+ are
octahedrally coordinated with the X ions, which can be
oxygen, sulfur or selenium in the 2— charge state [2,
3]. On either site, magnetic ions experience frustration.
In the diamond sublattice formed by the A-site ions,
frustration originates from competing interactions between
nearest and next nearest exchange couplings [4, 5]. The

pyrochlore structure of the B-site ions is a three-dimensional
geometrically frustrated lattice [6, 7]. In general, frustration
tends to suppress magnetic long-range order (LRO). In
particular, collinear antiferromagnetic spin structures are
usually unstable. Another characteristic feature is that
the magnetic spins exhibit strong fluctuations. They ease
frustration and are often persistent in the limit 7 — 0 [8].
FeCryS4 and CuCrpS4 both crystallize in the normal
spinel structure with lattice constants a = 9.995 A (Fe) and
a =9.814 A (Cu) at 300 K [9]. This allows one to synthesize
the whole range of solid solutions Fe|_,Cu,Cr,S4 with the
lattice constant roughly following Vegard’s law [10, 11].
More of a problem is the charge compensation [2, 3, 12].
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In the concentration range 0 < x < 0.5 the situation is fairly
straightforward. One finds
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For x > 0.5, iron is always in the 3+ state, while the
charge state of chromium is a matter of controversy. In [2],
charge compensation is considered to occur via an appropriate
mixture of Cr’t and Cr*t together with holes (S7) in the
valence band, whereas copper is kept in the monovalent state
throughout:

(Fel™ Cul)[Crit

4+
3 2e4sCT

2 a—
16184555 -

In [3] it is assumed that chromium is always trivalent, but that
copper can be partially divalent:

(Fei™ Cul Cu3t DICrat1si.

Theoretical treatments depend on whether more ionic or more
covalent bonding is assumed. A recent study of the valence
states of Fe, Cu, and Cr by photoelectron and x-ray absorption
spectroscopy using synchrotron radiation [13] found that Cu
and Cr remain in the same valence state throughout the series,
indicating that charge compensation must predominantly
occur via valence band holes. Additional evidence for that
picture was reported in [14].

FeCryS4 is a semiconductor developing magnetic LRO
around 170 K. Early powder neutron diffraction data [15, 16],
which were taken only at 4.2 and 300 K and hence lacked a
full temperature dependence, reported the LRO spin structure
to be a collinear ferrimagnet based on antiferromagnetically
coupled ferromagnetic Fe and Cr sublattices with ordered
moments upe = 4.2 ug and ucr = 2.9 up. In contrast,
CuCr,S4 is metallic and a ferromagnet with Tc = 376 K,
meaning that the A-site Cu ions are in a nonmagnetic
state. Early on, Mossbauer spectroscopy for FeCr,Sy4 found
a sudden change of hyperfine parameters below ~10 K,
indicating a static Jahn—Teller transition [17]. This transition
into an ordered orbital ground state was later studied in
detail [18]. At this point, it should be mentioned that the
presence of slight disorder (produced for example by weak
doping in single crystals grown with chlorine gas as the
transport agent) suppresses this transition, and the ground
state is then characterized by the freezing of the orbital
moments into an orbital glass [19]. In the neutron studies [15,
16] it was further stated that the cubic spinel structure is
maintained at 4.2 K. This result was later challenged for the
temperature range below ~60 K by transmission electron [20]
and ultrasound [21] studies. On the basis of susceptibility
measurements it was suggested that the magnetic ground state
might be a reentrant spin glass [22], but later it was recognized
that the low temperature magnetic irreversibilities are not
related to chemical or structural disorder.

The bulk magnetic properties for the whole series of
compounds Fe;_,Cu,Cr,S4 are summarized in references [2,
10, 11]. Recent results for 0 < x < 0.5, including heat
capacity data, can be found in [23]. It is generally
assumed that the collinear ferrimagnetic spin structure
found by neutron diffraction in FeCrpSs holds for all
Fe{_,Cu,Cr,S4 intermetallics with x < 1 over their full

LRO regime. Neutron diffraction data at a few different
temperatures below 7c¢ (i.e. 300, 200, 4 K) exist only
for FepsCups5CraSs [24]. They corroborate the simple
ferrimagnetic spin state at the temperatures measured. The
magnetic transition temperatures [11] first rise sharply from
166 to 347 K between x = 0 and x = 0.5, then remain
nearly constant up to x = 0.9, and another rise leads finally
to 376 K for x = 1. The rise in transition point is coupled
to weaker CMR behavior. Somewhere on the approach to
x = 1 a change from ferrimagnetism to ferromagnetism must
occur when the Fe concentration on the A site becomes
so low that LRO can no longer be sustained. Reliable
information concerning the concentration x where the switch
to ferromagnetism occurs does not exist. It has been suggested
that, judging from its susceptibility curves, the spinel with
x = 0.7 is already ferromagnetic [10], but the authors also
remark that the transition from ferrimagnetic to ferromagnetic
spin order is not a simple one. Orbital ordering occurs only in
FeCrQS4.

The present work gives a summary of our SR studies
of four Fe;_,Cu,CrS4 compounds (x = 0,0.2,0.5,0.8)
with respect to their local magnetic properties like the
interstitial field and the fluctuation rates of the magnetic
spins. The uSR method is particularly sensitive to small
variations and local spin disorder in LRO spin arrays. In
particular, it possesses a unique spectral response to spin
glass magnetism [25]. Also unique is its sensitivity to
rather slow spin fluctuations [26]. These features make it a
valuable tool for the study of frustrated magnetic structures.
Short reports on studies of FeCr,S4 and Fegs5Cug 5CrySa
have been published previously [27, 28]. We recapitulate
these findings in order to present a complete picture for
the whole Fe;_,Cu,Cr;Sy series. In some cases, additional
Mossbauer data were taken to provide further information on
the magnetic properties of the Fe sublattice.

2. Experimental details

The polycrystalline powder material was prepared by solid
state reactions from high purity elements. The single-phase
quality of the material was confirmed by x-ray diffraction.
All samples were characterized by magnetic susceptibility
measurements. The powder was pressed between thin
aluminized Mylar foils and positioned in the center tube
of a helium-flow cryostat. This sample mounting within the
helium flow ensured proper and uniform temperatures. The
temperature stability was better than 0.05 K. The ©SR spectra
were recorded with surface muons in zero applied field (ZF)
and weak transverse fields (TF) between 5 and 300 K. To
suppress the background signal from muons stopped outside
the sample, the “VETO’ mode [29] was enabled. The time
resolution was 1.25 ns and the initial spectrometer dead time
was ~5 ns.

Details of the uSR technique are available in the
literature, e.g. [26, 30-33]. Fully spin polarized muons are
implanted into the sample material. They quickly come to rest
at an interstitial lattice site, keeping their spin polarization
intact. The muon stopping site is a priori not known; its



determination requires, in general, single-crystal data. Except
in very pure metals, the muon rests at its stopping site in the
temperature range of interest here. The muon decays with a
mean life of 7, = 2.2 s, emitting a positron preferentially in
the momentary direction of the muon spin. The uSR spectrum
is the plot of the measured backward—forward (with respect
to the muon beam axis) positron count rate asymmetry A(f)
versus time, where ¢ = 0 is the moment of muon implantation
into the sample. It can be expressed as

A(D) = AoG(). (1)

Here Ap is the initial (+ = 0) asymmetry (typically: Ay ~
0.2). G(¢) is the uSR spectral function containing information
on the magnitude, the static distribution and the temporal
behavior of the interstitial magnetic field B, created by the
magnetic moments surrounding the stopped muon and/or by
an externally applied field. The measured properties of B, can
be rather directly related to corresponding properties of the
magnetic spin system. One should keep in mind that uSR is
not a scattering method working in reciprocal space. It is thus
unable to give direct information on the geometry of the spin
lattice. Yet, the uSR spectrum may exclude certain suggested
forms of spin arrangement.

In an LRO magnetic system, the stopped muon ensemble
sees a mean magnetic field B;, which is termed the interstitial
field. The uSR spectral function under ZF conditions
for a powder material is then given (with a few special
exceptions) by

GiRo () = % exp(—gans?) cosRvpt + @)
+ %exp(_)\longt)- 2)

The powder average has been taken care of by assuming
that in 2/3 of the cases B, is oriented perpendicular to
the muon spin and in 1/3, it is oriented parallel. The
perpendicular orientation of B, induces spontaneous Larmor
precession of the muon spin with v, = (y,,/2m)B,, where y;,
is the muon gyromagnetic ratio (y,, /27w = 135.5 MHz .
The spontaneous Larmor oscillations are damped with the
rate Agans, Which has its source predominantly in a static
distribution of the interstitial field around its mean value
B,,. The field distribution arises from the fact that individual
muons feel slightly different fields at their stopping sites even
when they are crystallographically or magnetically identical.
A likely mechanism is small random variations in orientation,
position or magnitude of the magnetic moments in the LRO
spin structure. Without going into details about the shape of
the field distribution, we take AB;, = Agans/Y, as a measure
of the distribution width. More expressive is the relative
field distribution width AB,,/BY,, where BY stands for the
saturation (7" — 0) value of the interstitial field. It is a direct
indicator of the degree of perfection of the LRO spin array.

Larmor precession cannot occur in the case of parallel
orientation of B,. One only observes muon spin relaxation
with rate Ajong, caused by the dynamics of the magnetic
moments generating B,. One finds [34] within the strong
collision model

Along & 1/7g

with 1/t being the fluctuation rate of the magnetic spins. The
condition Ajong <K Atrans is usually fulfilled. One expects in
regular situations Ajong — 0 for T — 0, i.e. that the magnetic
spins become static. Included in equation (2) is a phase factor
¢ in the transverse term. Ideally one should have ¢ = 0, but
small values of ¢ may arise from slight misalignment of the
forward-backward detectors. Large values of ¢, however, are
an indication that a simple cosine oscillation does not properly
reflect the actual motion of the muon spins under the action of
B,,. A more elaborate oscillatory term has to be used (e.g. a
Bessel function). The effect of nuclear dipoles is in general
insignificant in the presence of LRO magnetism.

In the paramagnetic state, the mean local field B,, = 0. In
ZF, only muon spin relaxation is seen.

GZE(1) = exp(—pm). 3)

For Apm, where the fast fluctuation limit is valid, one has,
(in contrast to Ajong Where the slow fluctuation limit is valid),

Apm X Ts.

Characteristic is a sharp rise of A,m on the approach
from above to a second-order magnetic phase transition. It
originates from the critical slowing down of magnetic moment
fluctuations (increase of tg).

Additional weak transverse field data (TF = 3 or 5 mT)
were taken at various temperatures for all compounds, but
will not be discussed. They were used to determine the
initial asymmetry A(0) and to check for the presence of
a background signal. No such signal was found in any of
the measurements, as is expected when the VETO mode
is enabled. TF data are also helpful in fixing a magnetic
transition temperature.

3. Results
3.1. FeCrpSq (x = 0)

The transition from paramagnetism into LRO occurs around
170 K and so both the ordered regime and the paramagnetic
regime are within the temperature range of the uSR
spectrometer used.

ZF spectra taken at temperatures between 5 and
40 K are all of the form shown for the 20 K data
in figure 1, left. The very early part of the spectrum
which features a rapid decay of asymmetry is hidden in
the initial dead time region (~0.005 us) of the wSR
spectrometer. Attempts to reproduce the spectra with the
spectral function given in equation (2) failed. Performing a
fast Fourier transform (FFT) on the spectral data revealed
the presence of an overlay of two oscillatory patterns
with different precession frequencies (figure 1, right). A
two-signal least squares fit using cosine oscillations worked
better, but led to excessive phase factors ¢. This situation
could be remedied by changing to Bessel oscillations,
JoQ2mv,t), where Jy is the zero-order Bessel function.
A Bessel oscillation is the signature of an incommensurately
modulated spin structure under the condition that the muon
position is at or very near a center of local symmetry [35].
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Figure 1. Left: early times part of the ZF-uSR spectrum of FeCr,S4 at 20 K. The solid line is the fit to a two-frequency Bessel oscillation
pattern as discussed in the text. The broken line indicates the part of the spectrum which is lost in the instrument dead time region. This is
taken from figure 4, top, in [27]. Right: FFT of the ZF-uSR spectral data. It corresponds to figure 3 in [27].
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Figure 2. Left: early times part of the ZF-uSR spectrum of FeCr,S4 at 70 K. The solid line is the fit to a single-frequency cosine
oscillation. A full oscillatory pattern cannot develop because of the high transverse damping rate. This is taken from figure 4, bottom,

in [27]. Right: FFT of the 70 K ZF spectrum.

This is expected to be fulfilled in most cases. The Bessel
pattern arises from the fact that the interstitial field B, has the
so-called Overhauser distribution [36]. It is characterized [37]
by its maximum field B)** which determines the precession
frequency 2wy, = ;/HB’T“. The rather complex SR spectra
at low temperatures (see, e.g., figure 1) clearly imply
that the magnetic ground state of FeCr,Ss cannot be
a simple collinear ferrimagnet. In fact, uSR spectra of
Feg 5Cug5CrS4 taken at temperatures where more recent
neutron diffraction data [24] reliably established the simple
collinear ferrimagnetic state look quite different from the
example shown in figure 1. They consist of a single
cosine oscillatory pattern (see figure 7 in section 3.3).
This simple spectral shape points, in addition, strongly
toward a central position of the muon in its interstitial
site.

As discussed in more detail in [27], the shape of the
frequency distribution, revealed by the FFT plot of the
uSR spectrum of FeCrySs at 20 K, is indicative of an
incommensurate helical cone structure [38, 26]. The low value
of AB, /Bg (see figure 3) means that this structure is well
ordered. The longitudinal relaxation rate Ajong Temains at a

low value around 0.03 ,us’l, but above the static limit (Ajong <
0.005 ;s 1), pointing to the presence of weak persistent spin
fluctuations.

The ZF spectra between ~40 and ~150 K can be least
squares fitted by a single cosine oscillation. An example
is shown in figure 2. According to what was outlined
above, this result is taken as evidence that the collinear
ferrimagnetic structure has been formed. The variations of
Along and AB, /Bg are depicted in figure 3 versus the reduced
temperature. With the onset of the collinear ferrimagnetic
spin arrangement around 40 K (7T/Tc = 0.23), Ayans, 1.€. the
relative field width, rises an order of magnitude, which
indicates that over atomic distances the strict collinearity of
the LRO ferrimagnetic spin structure is somewhat disturbed.
In the discussion of the more recent neutron data [24] for
Fe.5sCug.sCrpS4, it is remarked that the fit to the Bragg peaks
of the ferrimagnetic structure could be slightly improved by
allowing canting of the Fe or Cr moments. A distribution of
canting angles in FeCr,S4 would increase AB,, /Bg. The slow
rise of Ajopg With temperature is usual behavior in an LRO
magnet.

Around 150 K (T/Tc = 0.86) the transverse relaxation
rate increases sharply, leading to values of AB, in excess
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Figure 3. Dependences on the reduced temperature 7//7¢ of the
longitudinal relaxation rate (top) and the relative field distribution
width AB,, /B? (bottom) for FeCr,Sy. Tc = 175 K was used. One

(L
can distinguish four different magnetic regions (see the text). The

raw data are the same as those used in [27].

of Bg. The spin system loses its strict LRO feature and,
taking into account the simultaneous massive increase of
Along, 18 now better characterized by dynamic short-range
order (SRO).

The wuSR signal in the pure paramagnetic regime
is a single exponentially damped pattern (equation (3))
which confirms that the muon stops at only one type of
crystalline interstitial site. Spectra around the transition into
paramagnetism taken in a TF of 3 mT are shown and
discussed in [27] (see figures 1 and 2 therein). Their findings
can be summarized as follows: above 165 K (T/T¢c =
0.94) one observes coexistence of the SRO pattern and the
paramagnetic pattern over a range of a few kelvins. The SRO
signal gets rapidly smaller with rising temperature and from
175 K on, only the paramagnetic uSR signal is present. In
contrast, magnetization data or Mdssbauer spectra show a
quite well defined second-order transition around 166 K. One
reason may be the special time window of uSR for spin
dynamics which is intermediate between those of Mossbauer
spectroscopy and susceptibility [39, 40, 32, 30]. As discussed
in the next section, FepgCug,CrySs does not show this
particular feature around 7¢, suggesting that the special spin
dynamics of the SRO state in FeCr;S4 plays a role. In
section 4 we briefly discuss the possibility that the presence
of a magnetic polaron could have an influence.

The transition into an orbitally ordered ground state near
10 K is not prominently visible in the uSR spectra. The
small peak of Ajong in that temperature regime may be an

indication but it is barely outside the error limit. Ordering
of orbital moments mainly affects the distribution of the
internal electric field to which SR is insensitive, in contrast
to Mossbauer spectroscopy. The SR spectra taken above
and below the transition into an orbitally ordered state have
the same appearance and give comparable values for the two
precession frequencies. Orbital ordering appears to have no
significant influence on either the magnitude of the magnetic
moments or their spatial arrangement. So far, uSR studies
related to orbital ordering have been scarce. In the literature
one finds data in connection with quadrupolar ordering [41,
42]. They mainly deal with muon Knight shift data. Such
measurements require fairly large applied transverse fields.
We have not performed this special type of SR measurement.

The various ordered spin structures are indicated in
figure 3.

3.2. FeggCup2CrySs (x = 0.2)

A single well defined SR signal is observed at all measuring
temperatures. The paramagnetic spectra, especially those
taken in weak TF, confirm here also that only one muon
stopping site exists in the crystal lattice. Throughout the
magnetically LRO regime, the ZF spectra can be least
squares fitted quite satisfactorily by a single cosine oscillation
function of the type given in equation (2). Examples of
fitted spectra are shown in figure 4. The oscillatory pattern
is not very strongly damped, giving a nearly temperature
independent transverse relaxation rate of ~20 us~!. This
corresponds to a field distribution width of AB, = 23 mT,
which is only about 6% of Bg = 376 mT. In accordance
with earlier discussions, this result indicates that the LRO
spin structure of Feg gCup 2Cr2S4 is a well developed collinear
ferrimagnet throughout the ordered regime (see figure 5(b)).

Mossbauer spectroscopy [43] for x = 0.25 established
that the Fe sublattice contains Fe** and Fe3*. This result is
confirmed by our own Mdssbauer data taken for the x = 0.2
material used in the uSR studies. The well defined local
field seen in the wSR spectra means that the distribution
of the two charge states must be fully random without any
local clustering or superstructure. The Mdssbauer spectra
have shown that the material does not consist of macroscopic
FeCr,S4 and Feg 5Cug 5Cr2S4 regions like crystalline grains,
since the Fe?* and the Fe>* hyperfine patterns are different
from those of FeCr,S4 and Fey sCug sCryS4. The SR results
extend the homogeneity to the atomic scale.

From the temperature dependence of the field at the muon
site (figure 5(b)) a Curie temperature 7c = 247 £ 1 K is
derived, which is close to the values given by [10, 11]. No
coexistence of paramagnetic and LRO spectra in the vicinity
of the Curie temperature is seen. Furthermore, both the A-site
and the B-site sublattices order at the same temperature since
no irregularity is observed in B, (T).

Figure 6 depicts the temperature dependence of Ajgng
which directly mirrors the behavior of the fluctuation rate
of the magnetic moments. It shows an unexpected peak
around 220 K. As discussed in section 3.3, the temperature
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dependence of Ajong in Feg 5Cup.5CraS4 can be successfully
reproduced by the theoretical function proposed in [44]:

Mong(T) = CT*InT. 4)

Here, in Feg gCug,CrySy, the situation is different. For
one thing, the increase of Ajong in the temperature range
between 90 and 200 K is too fast to be described by
equation (4). Another deviation from the predictions of
equation (4), and in general a quite uncommon behavior, is
the marked decrease of Ajong on approach to Tc. It might
indicate a change in spin wave properties. Finally, while
equation (4) predicts a smooth decrease of Ajong to zero for
T — 0, the spin fluctuations in Fep gCug,CrySs in the low
temperature regime (7 < 50 K) remain essentially constant
slightly above the static limit. This presence of persistent
spin fluctuations means, like in FeCr,Sy4, that the ordered
spins experience magnetic frustration. The weak peak in Ajong

around 12 K cannot be guaranteed within the present data
accuracy.

In short, the wSR spectral data of FeggCugo2CrySs
are compatible with a collinear commensurate simple
ferrimagnetic order, stable throughout 7 < Tc. An unusual
feature is the spin dynamics on approaching 7¢ from below.

3.3. Feg5Cug5CrySq4 (x = 0.5)

Spectra were taken between 5 and 315 K, which is the
upper temperature limit of the cryostat system used in the
uSR spectrometer. Unfortunately this limit is well below the
listed Curie temperature of approximately 347 K. Therefore
we have no uSR data for the critical and paramagnetic
regimes. All spectra recorded could be quite satisfactorily
fitted with a single cosine oscillation pattern. Neutron
diffraction [24] has established the collinear ferrimagnetic
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structure in FepsCupsCrpSs at 4 and 200 K. In figure 7
the corresponding uSR spectra together with their FFT are
shown. As mentioned, this result forms the basis for taking a
single cosine oscillation pattern in spectra of Fej_,Cu,Cr;Sy4
as the signature of collinear ferrimagnetism. The neutron
data also establish that the temperature dependences, in
particular the ordering temperatures, are identical for the two
ferromagnetic sublattices.

Figure 8, left, depicts the temperature dependence of
the interstitial field. Here, a discontinuous behavior is seen.
Below 90 K, B, (T) follows closely the bulk magnetization
curve, exhibiting the expected Brillouin-like behavior. Then,
above ~90 K, the interstitial field suddenly drops, and finally

recovers slowly to reach at ~200 K once more roughly
the magnetization curve. Neither the magnetization nor the
>7Fe hyperfine field from our own Mossbauer data (see the
inset to figure 8, left) show irregularities in that temperature
range, implying that the magnitude of the magnetic moments
remains unaltered. The interstitial field sensed by the muons
is, however, also sensitive to the spatial orientation of the
moments surrounding the muon due to the dipolar coupling.
The behavior seen in B, (T) then points to a spin reorientation
transition. As discussed more thoroughly in [28], the type
of behavior seen in figure 8, left, has indeed previously
been observed in other magnetic materials with established
spin reorientation transitions. A notable case is that of Gd
metal [45, 30], for which the availability of a single-crystal
specimen allowed a very careful analysis.

Figure 8, right, shows the temperature variations of the
relative field distribution width, derived from Ans, and the
magnetic moment fluctuation rate as seen from Ajong. The
behavior shown is analogous to that of Gd metal as well. In
the spin reorientation region the field distribution width goes
through a maximum, signaling that at the beginning of the
reorientation process the canting angle is widely distributed,
but finally becomes more uniform. Unfortunately, the neutron
study [24] does not cover the temperature region where SR
detected a spin reorientation, and independent verification is
not available. However, it mentions the possibility of canting
of the Fe or Cr moments at the temperatures measured (4, 200,
300 K). The rise in the field distribution at higher temperatures
is a common effect observed in magnetic materials on
approach of the transition temperature to the paramagnetic
state.

The temperature variation of the spin dynamics is smooth.
The spin reorientation is not coupled to additional spin
fluctuations. The overall temperature dependence of Ajong
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Figure 7. SR spectra of Fe 5Cug sCr,S4 with their FFT at temperatures where the collinear ferrimagnetic structure has been established
by neutron diffraction. The solid lines are least squares fits to a single cosine oscillatory pattern. This is taken from figure 2 in [28].
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material from the ©SR sample. Right: temperature dependences of the relative field distribution width AB,, /Bg and the longitudinal
relaxation rate Ajong. The solid line in the lower panel is a fit to the function equation (4). The plots are taken from figure 3 and in part from

figure 4 of [28].

could well be fitted with the model for ferromagnetic spin
structures developed by [44], leading to equation (4). It is
possible that here Ajong also drops near Tc, as has been
observed in FepgCup2CryS4. The presence of that effect
here depends on a single data point and hence cannot be
determined with any accuracy. The range of variation of Ajong
with the temperature is larger in Feg 5Cug 5CryS4 than in the
other three alloys investigated and may be an indication of the
instability of the spin lattice.

3.4. FegrCupgCrySs4 (x = 0.8)

A fundamental question concerning this compound is that
of whether the low iron content allows magnetic LRO of
the A sublattice at all. If not, the compound would be
a ferromagnet like CuCryS4, the endpoint of the series.
Ferromagnetism in Fep,CuggCrpSs had been suggested
in [10]. Unfortunately, 1SR cannot be used to unambiguously
distinguish between ferromagnetic and ferrimagnetic order.
Howeyver, the additional 57TFe Mossbauer spectrum taken at
4 K and presented in figure 9 definitely exhibits substantial
magnetic hyperfine splitting and hence indicates that the
iron-containing A sublattice is magnetically long-range
ordered.

Since Tc ~ 350 K [11], the wSR data are once more
limited to the lower temperature parts of the LRO regime.
All spectra could be fitted with single cosine oscillations.
Examples are depicted in figure 10, both with high time
resolution (to show the oscillatory pattern) and with low
time resolution (to show the dynamic relaxation process).
Basically, the spectra are consistent with simple ferrimagnetic
order, according to the arguments presented in the case of
Feo,5Cu0,5CrZS4.

Several  unusual
Fep2CupsCraSy

features, however, appear in
data with respect to the temperature

Figure 9. Mossbauer spectrum of Fe ,Cug §Cr2S4 at 4 K. The solid
line is a fit to three six-line patterns with different hyperfine fields
and quadrupole interactions, but all with the Fe3* isomer shift.

dependences of the interstitial field, its distribution width and
the moment fluctuation rate. As depicted in figure 11, left,
the temperature dependence of the interstitial field exhibits
overall smooth Brillouin-like behavior with a saturation field
Bg ~ 400 mT. It follows roughly the magnetization curve.
However, on looking in more detail, one observes (see
figure 11, right) between 60 and 90 K an irregularity in
the temperature dependence of By, indicating some intricate
change in magnetic properties. This irregularity is also present
in the magnetization curve. The observed slight reduction in
interstitial field and magnetization points toward a change in
magnetic moment, at least in one of the sublattices. Mossbauer
measurements which could shine more light on this feature are
at present not available.
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around 100 K, to emphasize the weak irregularity discussed in the text.

The unusual variations with temperature of the relative
field width AB, /B(; (from Arang) and the moment fluctuation
rate 1/ts (from Ajong) are plotted in figure 12. As regards
Awrans, oOne notices immediately just by looking at the
spectra shown in figure 10 that the damping of the spin
precession pattern is high at low temperatures but decreases
substantially if the temperature is raised. Generally one
observes the opposite behavior. As mentioned, the spectral
shape is throughout consistent with simple ferrimagnetic
order. Above 90 K, the size of the relative field distribution
width AB, /Bg ~ (.08 indicates the presence of a rather well
developed spin structure, which is similar to the situation
in Feg,CupgCrSs. At lower temperatures the relative
field distribution width increases markedly, indicating local
disturbances in the ferrimagnetic structure. One might think
of small variations in the magnitude of the magnetic moments
on iron initiated by differences in its local surroundings. In
fact, the least squares fit to the Mossbauer spectrum depicted

in figure 9 requires more than one six-line pattern. Details are
at present not understood, but it shows that iron exists in the
material with different hyperfine parameters.

Below 60 K, the spin system is close to static (1/75 =
0.02 MHz). On elevating the temperature, it becomes
suddenly dynamic and AB, /Bg simultaneously drops to its
low value discussed above. This suggests motional narrowing
of the influence of the local disturbances in the magnetic
structure.

4. Discussion and summary

Our uSR data demonstrate that the magnetic spin structures
of the series of compounds Fej_,Cu,CrySs below their
well established Curie temperatures are more complex than
previously anticipated. The notion of a simple collinear
ferrimagnetic structure throughout the series and at all
temperatures below T¢ is not supported. Unfortunately, there
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Figure 12. Temperature dependences of the relative field
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appears no simple relation between the spin structure and the
Cu concentration on the Fe sublattice.

FeCryS4. The spin structure for the x = 0 compound (with
only Fe** on the A site) changes with increasing temperature
from a well ordered magnetically complex ground state
(most likely an incommensurate helical cone structure),
via a collinear ferrimagnetic state with some local spin
disorder, to a dynamic SRO state. Before reaching the fully
paramagnetic state, SR observes the coexistence of SRO and
paramagnetism over a narrow temperature interval. Specific
heat and Mossbauer spectroscopy established orbital ordering
for iron below ~10 K. This transition is not coupled to
significant changes in the SR spectra. Hence it appears that
orbital ordering does not change the size of the Fe magnetic
moment and has no influence on the LRO spin arrangement.

Feyg§CugrCrySy. In contrast to the case for FeCryS4, no
change in magnetic structure is seen in the uSR spectra of
the x = 0.2 compound for 7" < Tc. The spectral shape is
fully compatible with simple collinear ferrimagnetic order
with very small local disorder over the whole magnetically
ordered regime, despite the fact that, according to Mdssbauer
data, two different Fe charge states (2+ and 3+) are present.
The single-frequency oscillatory pattern in the LRO regime
and the single exponential decay in the paramagnetic regime
demand a totally random distribution of the two Fe charge
states on the A lattice site. No indication for Fe>* or Fe3*
clusters is seen. The only abnormal feature is a drop of
the fluctuation rate of the ordered magnetic moments on
approach to 7¢c which at present is not fully understood.
Fe g§Cug.2CrpS4 is the member of the series Fe;_,Cu,CrySy
where the simple collinear ferrimagnetic spin structure is best
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developed and most stable. It appears that this spin structure
is stabilized by a small concentration of Cu ions in the Fe
sublattice, which could ease the influence of frustration.

Feg 5Cup5CraS4. The x = 0.5 alloy contains only Fe3t. One
might expect the further dilution of Fe to stabilize even
more a simple ferrimagnetic order. Yet, the uSR data give
evidence for an instability of the spin lattice in the form of
a spin reorientation above 90 K. Still, the uSR spectra are
considerably less complex than those for the x = 0 alloy. Spin
reorientation means a collective canting of spins.

Feg2CupgCrySs. Literature data on magnetization had
suggested that the x = 0.8 compound is a ferromagnet like
CuCr,S4. Our present Mossbauer data, however, establish that
long-range magnetic order is still present in the Fe sublattice
despite the high dilution with copper. The uSR spectra of
Feg 2Cug sCr»S4 are in general compatible with ferrimagnetic
order. Yet, some irregularities are seen in the temperature
dependences, dramatic for the transverse and longitudinal
relaxation rates, more subtle for the bulk magnetization and
the interstitial field. Below 60 K the magnetic moments
are essentially static, but their LRO is slightly disturbed by
disorder on a short-range scale. Above 90 K the moments are
dynamic and the signature for local disorder (large Aans) is
reduced by motional narrowing. Between 60 and 90 K the
interstitial field and the bulk magnetization show similar
small deviations from the expected Brillouin-like behavior,
indicating that some subtle changes take place in the LRO
spin lattice. They are coupled to the sudden increase in spin
dynamics.

In this paper we have not considered the possible
formation of magnetic polarons associated with some
fraction of implanted muons in magnetic semiconductors.
In recent years, a number of papers have been published
showing their existence through high transverse field ©SR
experiments [46—48]. The term magnetic polaron refers to
a quasiparticle formed by localization of an electron from
the conduction band which, due to its strong exchange
interaction with magnetic ions in its immediate environment,
strengthens the otherwise comparatively weak direct magnetic
coupling. A fraction of implanted positive muons can form a
muonium-like bound state with the localized electron. If this
takes place, the probe in a SR experiment is no longer the
free muon, but now a bound polaron—muon state which could
affect the uSR spectral response.

Among the compounds studied in this paper, undoped
FeCr,S4 is a magnetic semiconductor. Doping with Cu
increases the conductivity by an order of magnitude [23] and
the Fe;_yCu,CryS4 compounds for x > 0.2 will provide a
more metallic environment in which the magnetic polaron
will not form. Since we have not performed high transverse
field measurements, we do not know whether a bound
muon—magnetic polaron state exists at all in FeCr;S4. But,
as discussed in particular in [47], bulk magnetization in
an ordered magnet suppresses the formation of a magnetic
polaron. Most of our study tackles the magnetic properties
of FeCrpS4 within its well established LRO magnetic
regime. The situation is different just below T¢ where
the magnetization is very weak and above Tc where the
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magnetization is absent in ZF. Since a magnetic polaron can
be viewed as a ‘ferromagnetic droplet’ in the paramagnetic
sea [49], this might be a cause for the observation of the
coexistence of SRO and paramagnetic fractions in FeCr,Sy.
This unusual feature is seen neither in bulk magnetic data
nor in the ©SR data for Feg gCug»CrySy, the only Cu doped
sample that we could make measurements on around 7¢ with
our experimental setup. Yet, without information on whether
a muon—polaron state exists in FeCryS4 at all, this deduction
must be considered highly speculative.

To conclude, the uSR data for Fei_,Cu,Cr,S4 show
that the addition of Cu on the A-site sublattice has a rather
intricate influence on the magnetic exchange interaction, well
beyond a simple weakening of the Fe—Fe spin coupling.
The generally assumed simple collinear ferrimagnetic spin
structure for the whole Fe;_,Cu,Cr;Ss series appears to
be stable only in FepgCup,CraSs. New neutron data are
urgently called for to gain much needed information on the
precise spin structures of the Fe;_,Cu,Cr;S4 intermetallics.
This would also help with theoretical treatments of the giant
magnetoresistive properties which so far have been carried out
predominantly for the x = 0.5 alloy. Remarkable also is the
quite different temperature dependence of the fluctuation rates
of the magnetic moments in the four Fe;_,Cu,Cr;S4 alloys
studied.

In contrast to the complex results for the spin structures
and fluctuation rates, the dependence of the saturation
interstitial field Bg on the Cu concentration is fairly
straightforward. As shown in figure 13, it rises monotonically
with x, as does T¢. The interstitial field increases sharply at
low Cu concentrations, whereas T¢ rises more slowly up to
intermediate x values.
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