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Abstract. We investigated magnetization, muon spin rotation and relaxation (LWSR), and 11991 Méssbauer
spectroscopy on Sn substituted CuCra.,Sn;Ss (z = 0.03 and 0.08) spinel compounds. The magnetization
and WSR results reveal similar additional low-temperature magnetic transitions around 80 K and 40 K
as found for the undoped material, indicating a magnetic ground state deviating from a simple collinear
ferromagnet. The observed changes in the Mossbauer spectra are less pronounced and are discussed in
view of the different positions of the local probes p* and ''°Sn and their different magnetic coupling
to the magnetic Cr lattice. Above 80 K, both wSR and Maéssbauer spectra show temperature-dependent
inhomogeneous broadening either due to structural or charge disorder and changing spin dynamics that
can be related to a precursor magnetic phase above the well-defined static low-temperature phase.

1 Introduction

Our recent pSR studies and magnetization measure-
ments on cubic metallic spinels CuCrsS4 and CuCraSey
[1] uncovered additional magnetic transitions signifi-
cantly below their respective Curie temperatures of
376 K and 420 K [1-6]. These newly discovered tran-
sitions at 88 K for CuCryS, and 60 K for CuCrySey
indicate spin reorientations, i.e., the change of the spin
structure from collinear to non-collinear at low tem-
peratures. Preliminary neutron diffraction data on our
CuCryS4 samples indeed indicate that the ferromag-
netic structure develops a small commensurate spin
density wave or a conical distortion at low temperatures
[7]. The observed temperature-dependent variations in
electrical resistivity imply a transition from the mixed
Cr3* /Cr** valency with collinear ferromagnetism at
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high temperatures to a charge-ordered state at low tem-
peratures featuring a conical or more intricate struc-
ture, consistent with prior findings on CuCraSey [8, 9].
Additional anomalies detected around 30 K and 15 K,
respectively, are only weakly reflected in magnetization
changes and may be associated with anisotropy effects.

The low-temperature magnetic transitions found in
CuCrsyS, and CuCraSey strongly resemble results on the
isostructural Fe;_,Cu,CrsSy system, in which Cu ions
replace Fe in tetrahedral sites, and suggest a relation
to Jahn—Teller instabilities found in the Cr system with
higher Cu concentrations z [10, 11].

Previous studies on CuCrySs and CuCrySes have
demonstrated the significant impact of chemical substi-
tutions on their magnetic and electronic properties by
substituting the metal ions with diamagnetic ions. For
instance, the magnetic phase diagram of CuCry_,Ti,;S,
(Cu in tetrahedral sites and Cr/Ti in octahedral sites)
deduced from magnetization measurement [12] suggests
that chemical substitutions of chromium by titanium
cause magnetic frustration, leading to a change in mag-
netic behaviour from ferromagnetic to spin-glassy. Fur-
ther, the physical properties of CuCrsS; have been
interpreted with oxidation states CutCr3+Crt+S,2—;
thus, electrical properties and ferromagnetic behaviour
were attributed to double exchange between Cr3*
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and Crtt [13, 14]. Also, the magnetic properties of
CuCrsSeyq have been shown to be sensitive to the sub-
stitution of Cr by Ti, revealing the coexistence of ferro-
magnetic and a spin-glassy regime [15]. CuCry_,Sn,Sey
showed evident ferromagnetic behaviour at z = 0.3,
whereas at z = 0.7, antiferromagnetic (AF) behaviour
was observed with a dominant ferromagnetic character
in the exchange interactions [16]. Chemical substitu-
tions of Cr, such as in CuCra_,M,X, spinels (M = Zr,
Sn, Ti, and X = S and Se), revealed that M is in the
oxidation state 4+, whereas Cu exists as a diamagnetic
Cu™ cation [15-19].

To gain further information on the still insuffi-
ciently understood character of the recently [1] found
low-temperature magnetic transitions in CuCrySy and
CuCrsySey, we investigated CuCrso_,Sn,S,. With dia-
magnetic ions of the isotope '?Sn substituting mag-
netic Cr ions in the octahedral sites of the compound,
we could employ Mossbauer spectroscopy to study the
temperature dependence of magnetic hyperfine fields
at Sn in the ordered magnetic state. 'Sn is known to
reveal magnetic hyperfine fields in this compound due
to supertransferred spin density by polarized covalent
bonds from Cr to Sn via S [20-23]. For a coherent com-
parison with the undoped samples reported in Ref. [1],
we have also performed magnetization and wSR on the
Sn-doped samples. In contrast, the magnetic fields at
the implanted muons in interstitial lattice sites are of
magnetic dipolar origin and due to polarized conduc-
tion electrons. In this sense, the study of the magnetic
hyperfine fields at 11?Sn is complementary to wSR since
the mechanisms responsible for the measured fields are
different. The aim was to see if the dramatic changes
in local magnetic field and spin dynamics, as probed by
the interstitially implanted pt are also reflected at the
substituted diamagnetic Sn.

To minimize magnetic dilution effects and keep the
magnetic properties of the Sn doped samples as close
as possible to the undoped one, the Sn concentra-
tions z were chosen smaller than 0.1. The wSR mea-
surements were conducted on CuCry g7Sng 0354. For
Méssbauer spectroscopy a higher concentration of 119Sn
is required to obtain statistically significant spectra;
hence, CuCry 925n¢.0854 was prepared with isotopically
enriched 1'°Sn. Using a common sample for both tech-
niques was not possible due to muon beam time sched-
ule and synthesis limitations.

2 Experimental details

Polycrystalline  CuCrySs, CuCry.97Sng354, and
CuCrq. 995100854 were synthesized using solid-state
reactions similar to the process described in Ref. [1].
High-purity elements of low oxygen Cu (99.9%, Alfa
Aesar), Cr (99.999%, Alfa Aesar), Sn (99.99 Alfa
Aesar, enriched to 90% with '%Sn isotope), and S
(99.999%, Puratronic), taken in stoichiometric ratio,
were ground and mixed together in an argon box. The
evacuated ampoules were heated at 600 °C for 300 h
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with two intermediary regrinding processes. As a final
step, the polycrystalline product was annealed in a
chalcogen-rich environment to minimize the possible
anion defects.

The phase purity was assessed through x-ray diffrac-
tion (XRD) using a STOE Stadi P diffractometer with
CuKa radiation. Structural refinement was performed
using the Rietveld method within the FullProfSuite
software package [24].

Magnetic characterization was carried out using a
commercial SQUID magnetometer (MPMS-3, Quan-
tum Design) over a temperature range of 2 K and 400 K
under magnetic fields up to 7 T. The heat capacity mea-
surements were conducted on a thin rectangular-shaped
bar using a Physical Properties Measurement System
(PPMS, Quantum Design) within the 4 K to 300 K
range.

Muon spin rotation and relaxation (wSR) experi-
ments were carried out on CuCrj g7Sngg3Ss at the
Swiss Muon Source, Paul Scherrer Institute, Switzer-
land. A 100% spin-polarized positive muon (%) beam
was employed using the 7M3 beamline of the General
Purpose Surface-Muon instrument (GPS). Zero field
(ZF) measurements on the polycrystalline sample over
a temperature range of 5220 K (below T'¢). The sam-
ple was enclosed in aluminized Mylar foil and mounted
on an ultrapure copper fork within a helium flow cryo-
stat to ensure optimal thermal stability.

Its placement was carefully adjusted within the muon
beam path, and the efficient thermal contact was main-
tained via helium exchange gas.

The ‘VETO’ mode was activated to suppress the
background signal from muons stopping outside the
sample. The analysis of spectra was performed using
the musrFit software package [25]. Details on the exper-
imental method and theoretical principles of WSR can
be found in the literature (see e.g., [26-28]).

Details on '198n Méssbauer spectroscopy may be
found, e.g., in [29]. The spectra of CuCrj g2Sng.0sSs
were taken at Brasileiro de Pesquisas Fisicas (CBPF),
Brazil, using a Montana variable temperature closed-
cycle cryostat in the temperature range from 3 to 300 K.
As radioactive source (5 mCi) served 19Sn:CaSnO3
kept at room temperature, moved in sinusoidal mode
outside of the cryostat. Annotations to the calibration
of the Doppler velocity are given in the Supplement.
The center shifts of spectra (isomer shifts) refer to
the source material 11°™Sn:CaSnO3. A Kr proportional
counter was used as a detector for the 23.8 keV gamma
ray resonance transition. Data analysis was performed
using the Mosswinn 4.0i software [30].

3 Results

3.1 Sample characterization

To characterize the phase purity and phase transitions
of synthesized CuCrj 975100354 and CuCry.92Sng 0854,
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Fig. 1 (a) X-ray powder
diffraction pattern for
polycrystalline
CuCr1,97Sn0,ogs4. The
measured intensities (red
open circles) are compared
with the calculated profile
(black solid line). Bragg
positions are indicated by
vertical green bars. The
difference between the
observed and calculated
intensities is shown by the
blue line. (b) Temperature
dependence of heat capacity
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Table 1 Structural parameters of CuCr2S4, CuCri.97S1n0.0354, and CuCri.925n¢.0854: lattice constants ag, sulfur positional
parameter zo (in fractional coordinates, f.c.), refinement parameters Ry, Ryp, Rexp and goodness of fit Chi? obtained by

Rietveld refinement of the x-ray patterns

Sample zo (f.c.) ao (A) R, Ruwp Rexp Chi?
CuCraSy 0.2583(1) 9.825(1) 4.31 5.53 4.95 1.25
CuCry.975n0.0354 0.2583(1) 9.841(1) 3.65 4.70 4.15 1.28
CuCri.928n0.0854 0.2583(1) 9.854(1) 2.69 3.46 2.79 1.53

we investigated the structure, specific heat Cp, mag-
netic susceptibility (x), and magnetization (M) and
compared them with the pure CuCrsS;. The x-ray
powder diffraction pattern of Sn-doped CuCrySy cor-
responds to a single phase Fd-3m symmetry of spinel
structure, Fig. la. The calculated structural parame-
ters, such as lattice parameters, fractional coordinates
of sulfur, and refinement parameters that show the
goodness of fit, are summarized in Table 1. Rietveld
refinement of CuCry.97Sng.0354 and CuCry goSng sS4
reproduced the experimental intensities very well, and
the results show a clear increase of lattice parame-
ters,ap, compared to the pure CuCrsSy.

The heat capacity of CuCryg7Sngg3Ss and
CuCrq.925n0,08S4 exhibits a typical increase with
rising temperature and shows no indication of phase
transitions within the measured temperature range of
4-300 K (see Fig. 1b). Figure 2a show the tempera-
ture dependence of magnetization measured for pure
CuCrySs and compared with CuCrq g7Sng03S4 and
CuCr.925n0.0854-

The low-field (5 mT) magnetization data show that
the substitution of Cr by Sn at the octahedral sites
reduces the ferromagnetic ordering temperature from
Tc = 377 K to 360 K in the case of CuCry 975190354
and 343 K for CuCry.92Sng.0gS4. The critical tempera-
ture T'¢ was calculated from the minimum of the first
derivative dM/dT.

Upon cooling, the magnetization curves show a down-
turn at approximately 100 K, which is similar to the
value observed for pure CuCryS, [1] (there labelled
as Tg). The first derivative dM/dT exhibits a max-
imum at approximately 88 K (see Fig. 2b), which is
associated with the spin reorientation transition Tsgr
[1]. The value of Tsgr remains nearly unchanged upon
increasing the Sn concentration up to z = 0.08. At
first glance, the anomaly in dM/d T appears to be sup-
pressed with increasing Sn content. For higher magnetic
fields, the magnetization curves of CuCry g7Sng 354
and CuCry g2Sng 0854 are shifted to higher tempera-
tures. Interestingly, the anomaly observed at T'sg in
a field of 5 mT also remains detectable at a field of 1 T
but completely vanishes in fields higher than 3 T (see
Fig. 2¢).

The field-dependent magnetization of Sn-substituted
CuCryS; shows a typical ferromagnetic behaviour
(Fig. 3). At 2 K, the calculated magnetic moment in
5 T is about 4.6 wp/f.u., which is slightly lower than
4.7 pp/fu. for pure CuCrySy.

3.2 Muon spin rotation and relaxation

SR allows investigation of internal magnetic fields
at the atomic scale. In this technique, spin-polarized
muons are implanted into a sample, where they are
stopped at interstitial lattice sites. The interaction with
local magnetic fields B, will lead to the precession of
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Fig. 2 (a) Temperature dependences of field-cooled (FC) magnetization of pure CuCr2S4 and Sn-doped CuCri.97Sng.03S4
and CuCri.92810.08S4 measured in a magnetic field of 5 mT. (b) Temperature dependences of the first derivative dM/d T
for different concentrations of x = 0, 0.03, and 0.08. (c) Temperature dependences of magnetization of CuCri.92Sn0.0854
measured in magnetic fields 0.5-5 T. Inset in (c) shows a zoom-in of the magnetization at the spin-reorientation T'sg. The

vertical arrows mark the spin-reorientation temperature
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Fig. 3 Field-dependent magnetization curves measured at
different temperatures for polycrystalline CuCrj.92Sng.0sS4

muon spins with frequency v, = ~,/(27) B, (v, =
271 x 135.5 us~! T~! is the muon gyromagnetic ratio).
In the present case, the actual stopping sites are not
known. An assignment of the possible muon stopping
sites via ab initio calculations is not yet available for
this system. Based on electrostatic and crystallographic
arguments and in analogy to related spinel systems [31],
muons are likely to occupy interstitial positions near
sulphur anions or between sulphur-sulphur pairs, where
the local electrostatic potential minima occur. The local
fields acting on the muon spin are due to various con-
tributions from dipolar fields from nearby Cr magnetic
moments, the Lorentz field from domain magnetization

@ Springer

and contact hyperfine fields caused by polarized con-
duction electrons [32].

In the experiment, the time evolution of the asymme-
try function A(¢) of the decay positron count rates was
analyzed to extract the time-dependent polarization of
the muons following implantation at ¢t = 0:A(t) /A(t =
0) = G.(t).

The =zero field SR (ZF-uSR) spectra of
CuCrq.97Sng.0354 at several temperatures are shown in
Figs. 4 and 5 for both short- and long-time windows.
The spectra are close in appearance to those reported
for the undoped compound with one oscillatory com-
ponent above 80 K and at least two below [1]. The
analysis was conducted using a three-component model
[oscillatory (OSC), Lorentzian Kubo-Toyabe (LKT),
and background (BG) terms], following the same fit
strategy as used and described in [1]:

AoGTRo(t) = AGEL(t) + Apc (1)
for temperatures between T'sg and T¢, and

AgGiRo(t) = AGZL(t) + ALkt Gk (t) + Apc o)
2

for temperatures below T gr. Here, the oscillatory com-
ponent is expressed as:

2
1
G(%SP‘; ZA |: —Ar, it COS(QWV/J,it) + ge*)\L,it ,

(3)

and the Lorentzian Kubo-Toyabe function is given by:

2 1
geiaLKTt(l — aLKTt) —+ —. (4)

GLKT( ) = 3

The oscillatory term GZE (t) represents the sum of
signals associated with the muon spin precession in



Eur. Phys. J. B (2025)98:198

Page 5 of 13 198

CuCr 4,50 5S,

Asymmetry

Asymmetry

0.10 F

o
=3
b

T 1220 K]

0.00 > - > -
0.00 0.05 0.10 0.15 0.20

time(us)

025 0.00 0.05 0.10

time(s)

025 0.00 0.05 0.10 0.15 0.20 0.25

time(ps)

0.15 0.20

Fig. 4 ZF-uSR spectra of CuCr1.97Sn0.0354 recorded at selected temperatures (5-220 K) within a 0-0.25 ps time window,
illustrating spontaneous muon spin rotation in the magnetically ordered state. The solid lines represent fits to the data

based on Eqgs. 1 and 2

local fields generated by ordered electronic magnetic
moments. The muon spin precesses with rotation fre-
quencies v, ; as seen in the first term in the square
bracket of Eq. 3. The damping parameters Ar ; describe
the transverse relaxation, which arises primarily from
the field inhomogeneities. The second term in the oscil-
latory expression, known as “1/3 tail”, corresponds to
the field dynamic fluctuations along with the initial
muon polarization direction, characterized by the lon-
gitudinal damping rate.

At temperatures of 80 K and below, an additional
time-dependent contribution with reduced asymmetry
was necessary to obtain an acceptable fit. This was
accomplished by incorporating a so-called Lorentzian
Kubo-Toyabe function GZk.(t), which describes the
spectral response of randomly distributed local fields
at the muon sites with an average value of zero. While
a Gaussian field distribution is typically expected in
concentrated systems with randomly oriented static
dipoles, the present data rather suggests a distribution
of Lorentzian shape similar to that found in systems
with dilute dipole moments.

The decay rate apxr of polarization is proportional
to the width of the field distribution [27, 33], arxT/7u
defining the half-width at half maximum. Initially, the
muon spin polarization undergoes an exponential decay,
followed by a minimum, and subsequently stabilizes at
1/3 and stays time-independent.

The background asymmetry Apg originates from a
non-magnetic signal, likely from the sample holder.
Agc was determined from a measurement in a weak
transverse field of 5 mT and was kept fixed at 0.025 for
the ZF-wSR data fit.

The ZF-uSR spectra between 5 K and T exhibit
distinct oscillations at the early times (seen at high res-
olution), indicative of a magnetically ordered state (see
Fig. 4). Three distinct temperature regimes can be iden-
tified. The spectra in the temperature range between
Tsr and T ¢ can be well described using Eq. 1, with a
single oscillation frequency.

In the intermediate temperature range between T~
< T < Tgg, the oscillation frequency exhibits notice-
able variation, along with corresponding changes in the
relaxation parameters. Below T* ~ 40 K (referred to
T4 in [1]), the ZF-uSR spectra become more complex,
showing strongly damped oscillatory signals at multiple
frequencies, which are well reproduced by Eq. 2.

Figure 6a illustrates the evolution of the asymmetry
parameters for the oscillatory and relaxation compo-
nents. Above T'sr, the asymmetry is mainly attributed
to a single oscillatory component (A) and a background
signal (Apg). Below Tggr, the asymmetry amplitude
A splits into two oscillatory signals (with amplitudes
Ay and Ay), along with an additional Lorentzian
Kubo-Toyabe component (Apkr), which means that
the muons are stopping in different magnetic environ-
ments. The temperature-dependent variation of the fre-
quency v, (Fig. 6b) follows a magnetization-like trend
down to Tsr. Below Tggr, the oscillation frequencies
v, 1 increases up to 65 MHz between T'sg and T™ before
dropping to approximately 35 MHz below T, while
v, 2 remains nearly constant at 57 MHz down to 5 K.
The transition is accompanied by substantial changes
in both transverse and longitudinal relaxation rates, as
illustrated in Fig. 7a and b.
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Fig. 5 ZF-puSR spectra of CuCri.975ng.0354 displayed with
lower time resolution, extending up to 6 s, illustrating
the dynamic relaxation behavior at selected temperatures.
Panel (a) corresponds to T < 120 K, while panel (b) shows
the data for T > 120 K in (b). The highlighted blue rect-
angle in Fig. 4 represents a zoomed-in section of the shorter
time within the magnetically ordered state. Solid curves cor-
respond to the fitted data obtained using Egs. 1 and 2

The temperature-dependent evolution of the longitu-
dinal relaxation rates (Ar, and Ap ;) and the half width
at half maximum (HWHM apkr) of the field distribu-
tion of the Kubo—Toyabe component are presented in
Fig. 7b and c. The values of A\ 1 and Az 2 exhibit an
increase near T'sgr, coinciding with the rise in transverse
damping Ar. Additionally, the HWHM a1 kT parameter
(Fig. 7c) displays a pronounced increase below 7.

3.3 Méossbauer spectroscopy

198y Mossbauer spectra on CuCra_,Sn, S, have been
reported several times [20-22]. Though being itself dia-
magnetic, Sn can serve as a sensitive probe for mag-
netism via directly or indirectly transferred magnetic
hyperfine fields.

As shown in [21, 23], it is dominantly supertrans-
ferred magnetic hyperfine fields (Bgtnt) acting on Sn in
CuCra_,Sn,S,4. Sn is known to be substituted for Cr in
the octahedral sites of the spinel lattice.
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In the ferromagnetic state, the to, orbitals of Cr*
become spin-polarized. Covalent mixing leads to spin
polarization of p orbitals of the neighbouring S2—,
which in turn transfers spin density into Sn**t 5s
orbitals that create a magnetic field at the Sn nuclei
via Fermi contact interaction.

The reported value of Bgpr found for
CuCry. 955100554 at 4 K is very large, with about
58 T, and opens the possibility of following its temper-
ature dependence over a wide range, as demonstrated
by [23].

These earlier data were collected with a relatively
low degree of statistics and revealed strongly broadened
resonance line widths even at low temperatures [20, 22,
23].

As seen from the spectra shown in Fig. 8, obtained
from the present preparation for CuCry g2Sng ¢S4, this
problem could be overcome with our samples. The line
widths (FWHM) at 4 K are narrow, with about 1 mm/s.
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The magnetic hyperfine splitting corresponds to B =
66(2) T, which is even larger than the earlier reported
values.

The other hyperfine parameters, nearly vanishing
nuclear electric quadrupole interaction as expected
for highly symmetric octahedral sulfur coordination
and an isomer shift of 1.4 mm/s with respect to the
H9mGn:CaSnO5 source at room temperature, indicat-
ing a rather covalent bonding of formally tetravalent
tin, are in agreement with the literature [23].

In the spectra taken at 100 K and above, a single res-
onance line becomes visible in the center of the spectra
with an isomer shift close to that of the main com-
pound. It is indicative of a paramagnetic impurity that
becomes magnetically ordered at lower temperatures.
Its relative contribution is around 1-2% of the total
spectral area and cannot be resolved when magneti-
cally split at lower temperatures. A possible compound
may be CryS3. For the fits of spectra below 100 K, this
contribution will be neglected.

In addition to the major intensity line sextet, the
improved spectral resolution allows to reveal the pres-
ence of a second sextet with smaller magnetic splitting
corresponding to By and an area of about 1/5 of that
of the major sextet that could not be resolved in earlier
experiments. Within fit uncertainty, the isomer shift is
the same as for the main sextet.

An analysis allowing for several magnetic sextet spec-
tra with differing mean hyperfine fields and an assumed
Gaussian-shaped distribution profile suggests even the
presence of a third component with a yet still lower
spectral contribution. The relative spectral areas of
these subspectra were kept fixed for the various temper-
atures to the values derived at 4 K. Fitted selected spec-
tra are shown in Fig. 8. They reveal a decreasing mag-
netic splitting upon rising temperature. Figure 9 shows
the temperature dependence of the averaged magnetic
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hyperfine fields B,y .. The average was done by weight-
ing the field values of fitted subspectra by the relative
areas of the corresponding subspectra. We have chosen
this plot for a better comparison with earlier data [23],
where the additional subspectra could not be resolved.

A separate plot of Bi(T) and By(T) is shown in
Fig. 10. Figure 11 presents the corresponding develop-
ment of the distribution of magnetic hyperfine fields. As
can also be observed directly from the change of spec-
tral shapes, the distributions reveal an onset of strong
broadenings between 70 and 100 K, i.e., close to the
transition traced from pSR (see Fig. 12).
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4 Discussion

Our magnetization studies indicate that Sn doping
leads to a decrease in Curie temperature and a reduc-
tion of magnetic moment per formula unit, as expected
from the dilution in the Cr sublattice by diamagnetic
Sn. Again, we can trace transitions at low tempera-
tures. The spin reorientation observed around 88 K in
the undoped material [1] is shifted to Tsg = 80 K.
The transition associated in Ref. [1] (there labelled as
T,) with a change in anisotropy at T" is less clearly
expressed in the Sn-doped samples. This demonstrates
that Sn doping at the percent level only leads to mag-
netic dilution effects. We thus can expect that the wSR
and Mossbauer data may serve for proper comparison.
The wSR spectra are indeed comparable to those
reported for the undoped material [1]. There are some
differences in the relative asymmetry contributions of
sub-patterns and their temperature dependence in the
low-temperature phase, representing magnetically dif-
ferent neighbourhoods to the stopping sites. This may
be caused by differences in dipolar fields due to nearby
diamagnetic Sn and/or the presence of the magnetic
impurity. Yet the major qualitative changes in a local
field and damping related to the magnetic transitions
are the same. A still ununderstood feature is the origin
of the Kubo—Toyabe contribution found at low temper-
atures. It has only low spectral weight and has been
introduced purely phenomenologically to improve fit
quality without affecting the major conclusions related
to magnetic transitions. For the moment, we can only
speculate about a possible spin-glassy contribution
within the ferromagnetic phase due to local frustra-
tion within the Cr pyrochlore-type sublattice with next-
nearest antiferromagnetic exchange interactions.
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In analogy to the data on the undoped material [1],
the spontaneous rotation v, shows a steeper tempera-
ture dependence above 100 K when compared to mag-
netization. The local field B, is a complex superpo-
sition of several, in part counteracting, contributions.
While the Lorentz field should vary proportional to
magnetization, the superposition of dipole fields from
neighboring moments and the contact fields by polar-
ized conduction electrons can lead to a temperature
dependence deviating from that of magnetization. The
appearance of two distinct frequencies at lower temper-
atures should be related to changes in local dipolar con-
tributions at different stopping sites due to spin reorien-
tation, while contact contributions are, in first approx-
imation, isotropic. The Lorentz field (corresponding to
about 20 MHz) should be the same for both sites, and
according to the relatively small changes of magneti-
zation around TR, it is supposed to undergo only a
corresponding minor variation upon the reorientation
transition.

The present Mossbauer spectra of CuCry.g2Sng gsSs
are compatible with those from earlier studies [23] yet
were taken with improved statistics. The essential addi-
tional information from these new data is the resolu-
tion of at least one further sextet (sub)spectrum with
a lower spectral area and a smaller magnetic hyperfine
field By. The narrow linewidths of the spectra at low
temperature turn broadened above about 80 K. One
possible scenario could be that the less weighted spec-
trum is related to Sn having another Sn substituting a
Cr within its six cation octahedral site neighbours (in
analogy, this would hold for the eventual only poorly
resolved third sextet pattern). From estimated ratios of
spectral areas using simple binomial occupation based
on the nominal Sn doping concentration among nearest
neighbour octahedral sites, this assumption is compat-
ible with the fits from spectra and, thus, is a possible
explanation. The reason for the smaller magnetic field
values By for the lower weight sextet can then be related
to the reduced number of nearest neighbour Cr ions. In
the fits, the relative spectral contributions from the sex-
tet spectra could be kept unchanged for varying tem-
peratures, indicating that the spectra may indeed be
related to Sn sites with different numbers of magnetic
neighbours on octahedral sites.

As shown in Fig. 9, Baw (T) reveals a steeper
behaviour above 100 K when compared with a calcu-
lated temperature dependence using the generic for-
mula

sco- (@) ]

with & = 3/2, 8 = 1/3. These values are those expected
for low-temperature spin wave excitations and for the
approach to the Curie temperature (here T'¢ = 343 K)
of a 3D ferromagnet. A fit of B,y using Eq. 5 gives a =
1.5, 3~ 0.67, and B(T = 0) = 63 T. The more detailed
plot of Fig. 10 shows that By (T) tends to saturate below
100 K with an indication of a weak additional rise below
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70 K. For a better visualization, we have included a fit
(Eq. 5) to Ba(T) between high temperatures and 100 K,
extrapolating the fit to 7 =0 (o = 1.8, 8 ~ 0.81, and
an extrapolated B(T = 0) = 53 T). This additional
increase resembles the variation of magnetization near
Tsr, yet there is no visible change in B1(T). For B1(T)
we get « = 1.7, 3 = 0.69 and B(T =0) = 67 T.

Also, the earlier, less resolved spectra of [20, 21, 23]
showed similar variations of the magnetic hyperfine field
with temperature, with a clearly steeper dependence
than that expected for a calculated one using a Bril-
louin law for S = 3/2. For its interpretation, an adopted
model by Coey and Sawatzky [34] related to disorder in
local exchange interactions was used, which used a local
molecular field theory to study the changes in magnetic
hyperfine spectra of magnetic iron compounds upon
substituting non-magnetic ions. They had assumed a
dominant superexchange mechanism between iron and
its nearest neighbour cations. The non-magnetic substi-
tution causes a local distribution of the molecular field,
leading to a steeper temperature dependence hyperfine
field depending on the number of non-magnetic neigh-
bours of the Méssbauer atom. In addition, distributions
of hyperfine fields are predicted.

We can apply the above-sketched arguments also in
the present case with the now at lowest temperatures
resolved magnetic spectra due to hyperfine fields trans-
ferred to non-magnetic Sn in magnetic surrounding
with varying numbers of magnetic and non-magnetic
neighbour cations.

The magnetic hyperfine fields at the substituted Sn
at Cr sites are assumed to be dominantly of a super-
transferred nature due to Cr via polarized S ions. The
difference in the values of Sn hyperfine fields B; = 67 T
and By = 58 T associated with Sn having 6 and 5 near-
est neighbouring Cr (4 1 Sn) measured at 4 K suggest
that the transferred field per Cr neighbour amounts to
about 9 T being supplemented by a common additional
field of about 13 T due to other mechanisms like con-
duction electron polarization.

The slightly steeper temperature dependence of
B2(T) compared with B;1(T), both being steeper than
the calculated dependence for a 3D magnet, is in
good qualitative agreement with the model of Coey
and Sawatzky predicting for a larger number of non-
magnetic (in the present case Sn) neighbors a steeper
temperature dependence. Also, the observed hyperfine
field distribution is in agreement with this model.

There remains, however, a major question: how com-
patible are the results drawn from the Mossbauer data
with those from WSR? The reason why the magnetic
transition around 80 K is clearly marked by the wSR
data but (apart of the small anomaly in the tempera-
ture dependence of Bo(T)) are not visible in the mag-
netic hyperfine field at Sn substituted in the site of
magnetic Cr must be sought in the different mecha-
nisms how these fields are created. As shown in [1], the
major changes in the fields sensed by interstitial pwT
arise from changes in dipolar fields from neighboring
Cr moments. The corresponding dipolar fields at Sn can
be estimated to be only on the order of some tenths of
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Tesla, i.e., are much smaller than the large supertrans-
ferred fields, and thus changes in these dipolar contribu-
tions cannot be traced. Supertransferred fields by them-
selves may, however, reflect spin canting as suspected in
the magnetic structure below 70 K. This has, e.g., been
demonstrated for a canted spin structure in Sn-doped
iron garnets [35]. In our case, we may propose a highly
symmetric nearest neighbour spiral configuration, with
field components perpendicular to the major ferromag-
netic component that may mutually cancel at the site
of Sn (a possible case for By). If one of the octahedral
neighbors is missing (case for By), there will, however,
stay a residual perpendicular contribution, adding to
the reduced ferromagnetic component, leading to the
increase of By below 70 K. Thus, the compatibility of
SR and Méssbauer results appears to be given.

We should, however, briefly consider another possi-
ble scenario in which the Sn subspectra with different
magnetic hyperfine fields are related to different num-
bers of Cr3* (spin § = 3/2) and Cr** (S = 1) as near-
est cation neighbors of Sn. This would be expected for
a static mixed-valent state at low temperatures with
a relatively low contribution from Cr#*. In this pic-
ture, the observed broadening of the Mossbauer spec-
tra and the steeper behavior of B(T) above 70 K may
be due to increased charge and related spin dynamics.
Also, from wSR, an unusual variation of both trans-
verse and longitudinal damping data (Fig. 7a and b) is
observed. In Fig. 13, we show the development of rela-
tive field width AB/B,, (i.e., the ratio between trans-
verse damping rate At and spontaneous rotation fre-
quency v, ). Its decrease above 80 K clearly indicates a
variation in inhomogeneous broadening A B, but in par-
allel, there is also a reduction of longitudinal damping
rates A, (see Fig. 7b). Both wSR and Mdssbauer data
are thus indicative of a dynamic onset of a precursor
to the spin-reoriented phase found below 70 K. A pos-
sible model could be the gradual onset of fluctuating
moment components of Cr perpendicular to the axial
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ferromagnetic that become static below 70 K forming
a conical spin structure for the Cr sublattice as sup-
ported by the preliminary neutron scattering results [7].
Notably, longitudinal damping Ar, is nearly vanishing in
the low-temperature phase (see Fig. 7b), i.e., spin fluc-
tuations drop to the static limit. Taking into account
the wSR data, the observed broadening of linewidths
in the Mdssbauer spectra above 70 K may thus at least
partially be caused by spin dynamics instead or in addi-
tion to the static inhomogeneous broadening considered
in the above-described first scenario.

5 Conclusions

Magnetization, WSR, and ''°Sn Mossbauer spec-
troscopy performed on CuCrs_,Sn, S, have shown that
the recently reported spin re-orientation transitions for
CuCrsSs and CuCrsSes are also found in Sn-doped
samples.

While pSR reveals distinct changes in muon spin
rotation frequencies and their damping around T'sg =
80 K and T° = 40 K, the changes observed in the
Mossbauer hyperfine parameters are less pronounced.
We could show that this different response can be
understood from the different sites of the local probes;
positive muons are stopped after implantation on inter-
stitial sites, while Sn is substituted for Cr on octahe-
dral sites of the spinel lattice. In addition, the mag-
netic fields sensed by the muons and the Sn Md&ssbauer
atoms are related to different magnetic coupling mech-
anisms: Muon spins are dominantly subject to dipolar
fields and their changes upon spin re-orientation from
nearest neighbour magnetic Cr ions, while the fields at
11981 are largely of supertransferred nature via spin-
polarized p shells of neighbouring Sulphur cations.

Below T'sg, the Mossbauer spectra reveal a resolved
superposition of magnetic hyperfine patterns with dif-
ferent resonant absorption areas, indicating Sn sites
typical for distinct magnetic surroundings that can be
interpreted either with finite probabilities of substitu-
tions of non-magnetic Sn on neighbouring Cr sites or
alternatively with the partial presence of Cr?*t within
a dominant Cr3t neighbourhood. Upon rising temper-
atures above 70 K, the magnetic hyperfine splitting
shows broadenings that can be explained by local mag-
netic static disorder introduced by the doping of dia-
magnetic Sn into the magnetic Cr lattice and/or by
relaxational broadening due to increasing charge and
spin fluctuations.

Similarly, the changes in transverse and longitudi-
nal relaxation found by pSR above 80 K support the
appearance of a precursor phase leading to the proposed
low-temperature conical or spin-density wave phase.
The detailed nature of the magnetic ground state is sub-
ject to ongoing neutron scattering and x-ray diffraction
projects.
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