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Combined resistance noise and muon-spin relaxation (©SR) measurements of the ferromagnetic semicon-
ductor HgCr,Se, suggest a degree of magnetoelectric coupling and provide evidence for the existence of
isolated magnetic polarons. These form at elevated temperatures and undergo a percolation transition with
a drastic enhancement of the low-frequency 1/f-type charge fluctuations at the insulator-to-metal transition
at ~95-98K in the vicinity of the magnetic ordering temperature 7c ~ 105-107 K. Upon approaching the
percolation threshold from above, the strikingly unusual dynamics of a distinct two-level fluctuator superimposed
on the 1/ f noise can be described by a slowing down of the dynamics of a nanoscale magnetic cluster, a magnetic
polaron, when taking into account an effective radius of the polaron depending on the spin correlation length.
Coinciding temperature scales found in SR and noise measurements suggest changes in the magnetic dynamics
over a wide range of frequencies and are consistent with the existence of large polarized and domain-wall-like
regions at low temperatures, that result from the freezing of spin dynamics at the magnetic polaron percolation

transition.

DOI: 10.1103/PhysRevB.105.064404

I. INTRODUCTION

HgCr,Ses is a magnetic semiconductor that forms part
of the larger group of chromium chalcogenides, which are
spinels with formula ACr,X4. The ferromagnetic interac-
tions in HgCr,Se,4 are so strong that the antiferromagnetic
exchange, often dominant for the spinel structure, is over-
whelmed and ferromagnetism is observed [1]. Recently
HgCr,Ses has attracted attention when doped with n-type
impurities, both as a half metal and potential Chern semimetal
[2] exhibiting unconventional low-temperature transport prop-
erties [3], and due to the colossal magnetoresistance (CMR)
effect, which is observed in the vicinity of the magnetic
ordering temperature 7¢c ~ 105K [4]. The magnetic order-
ing drives an insulator-to-metal transition. While the bulk
magnetic properties of the system are well characterized,
with magnetization measurements demonstrating it has crit-
ical behavior very close to that of an ideal 3D Heisenberg
magnet [4], the spin fluctuations are not so well studied.
Understanding these fluctuations is particularly important, as
spin correlations have been proposed to play an important
role in the transport properties not only near the critical
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point but also for a wide range of temperatures Tc < T < T*
above the ferromagnetic transition in the paramagnetic phase
[4]. Likewise, charge fluctuations which are often linked to
magnetically driven electronic phase separation and magnetic
cluster formation, and which frequently are invoked as ingre-
dients of models explaining the CMR effect, have not been
investigated. Nanoscale ferromagnetic clusters, magnetic po-
larons (MPs), may form due to the large exchange interaction
between charge carriers and localized spins—and become en-
hanced by spin correlations, an effect that has been largely
neglected in previous studies. Materials prone to the forma-
tion of such nanoscale spin-charge composites are systems
with low carrier density where a localized carrier (nonionized
donors, in HgCr,Se4 presumably Se vacancies) polarizes the
surrounding spins in the lattice of magnetic ions [5]. A per-
colation transition of MPs has been suggested to cause the
observed CMR effect in a variety of materials [5,6], as, e.g.,
in perovskite manganites [7—-10], EuB¢ [11-16], and also in
the family of the title compound [4,17-19]. Here, a change of
electronic transport regimes and the deviation of the magnetic
susceptibility from the Curie-Weiss law at a temperature 7* ~
2Tc is associated with the formation of isolated MPs which
percolate upon lowering the temperature [4]. A continuous
network is formed at the percolation threshold which upon
cooling the sample is reached in the vicinity of the magnetic
transition or may even coincide with 7¢. The trapped carriers
forming the MPs then become unbound in an external or

©2022 American Physical Society
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internal magnetic field which results in a drastic increase of
their mobility giving rise to the CMR behavior.

In HgCr,Se., besides the spin fluctuations, the fluctuation
dynamics in the charge sector and the mutual, magnetoelectric
coupling remain to be explored. Since for these effects vastly
different timescales are expected, we performed muon-spin
relaxation (uSR) experiments for studying the magnetism at
frequencies ~10°-10'" Hz and resistance noise measurements
for studying the charge carrier dynamics at low frequencies
~1072-10% Hz. We find coinciding characteristic temperature
scales suggesting that the magnetic dynamics in this system
change over a wide range of frequencies. The dynamics and
the observed coupling of the magnetism and the electronic de-
grees of freedom are consistent with the picture of isolated and
diluted magnetic polarons forming at temperatures far above
and coalescing near Tg, and a network of merged polarons
below. In particular, we provide evidence for the previously
suggested hypothesis [4] that in HgCr,Se, the effective size
of the magnetic polarons is dependent on the spin correlation
length.

II. EXPERIMENTAL DETAILS

Sample growth. HgCr,Se, crystals were grown by the
chemical vapor transport method using CrCl; as the main
transport agent [20,21]. In a typical run, HgCr,Ses powder
(which was synthesized with Hg drops, Cr powder, and Se
shots) was used as the precursor. The HgCr,Se4 powder and
CrCl; flakes were loaded into a silica ampule under argon,
then evacuated to a pressure below 1 Pa and sealed quickly by
flame. The ampule was subsequently exposed to a tempera-
ture gradient from 680 to 660 °C for 2 weeks and naturally
cooled down to room temperature. Crystals with sizes 1-
3 mm with regular shapes and shiny facets were collected at
the cooler end of the silica tube. The carrier density in the
HgCr,Se, crystals can be adjusted by the growth temperature,
the amount of transport agent, and the stoichiometry of source
materials. Note that the growth procedure is the same as in [3]
but different from the one in [4].

USR spectroscopy. In a uSR experiment [22,23] spin-
polarized muons are implanted in a sample where they interact
with the local magnetic field at the muon site. After, on
average, 2.2 us, the muon decays into a positron and two
neutrinos. By detecting the positrons, which are preferentially
emitted in the direction of the muon spin at the time of decay,
we can track the polarization of the muon-spin ensemble. In
a zero-field (ZF) uSR experiment, as is primarily consid-
ered here, the local magnetic field at the muon sites arises
due to the configuration of the spins in the system. When
the muon spin has a component perpendicular to the local
field B, precession occurs with angular frequency w = y,,B,
where y, = 27 x 135.5MHz T~! is the gyromagnetic ratio
of the muon. Conversely, when the muon-spin aligns with
the local field, only dynamic fluctuations can depolarize the
muon-spin ensemble. The quantity of interest in the experi-
ment is the asymmetry A(¢), calculated from the number of
counts arriving in the detectors forward and backward of the
initial muon-spin polarization direction ng 5, corrected by a
parameter « that reflects detector efficiency, via A(t) = (ng —
ang)/(ng + ang). The asymmetry is directly proportional to

the muon-spin polarization. Information on both the static
and dynamic magnetism at the muon site can be determined
through the functional form of A(z).

Muon-spin spectroscopy measurements of polycrystalline
HgCr,Ses4 were carried out at the STFC-ISIS facility, UK,
using the EMU instrument, and at the Swiss Muon Source
(SuS), Paul Scherrer Institut, Switzerland, using the GPS
instrument. Polycrystalline samples were packed in Ag-foil
packets and loaded in a *“He cryostat. On the EMU instrument
the packet was mounted on a silver backing plate, whereas
on the GPS instrument the packet was attached to a fork and
suspended in the beam, minimizing the background contribu-
tion to A(t). Most measurements were performed in ZF, with
additional measurements at ISIS performed in a 2 mT field
applied perpendicular to the initial muon-spin polarization
(known as weak transverse field or wTF measurements). Data
analysis was carried out using the WiMDA program [24] and
made use of the MINUIT algorithm [25] via the iminuit [26]
Python interface for global refinement of parameters.

Fluctuation (noise) spectroscopy. For electrical transport
measurements Ti/Au electrical contacts were deposited onto
the HgCr,Se4 samples under a hand-painted photoresist mask
in a high-vacuum electron beam evaporator. The samples were
then annealed in a H/He forming gas in order to ensure
good-quality (ohmic) contacts. Gold wires were attached by
silver epoxy; see the Supplemental Material of Ref. [3]. Single
crystals of HgCr,Se, were measured in a continuous helium-
flow cryostat with variable temperature insert equipped with a
superconducting magnet, using a four-terminal AC technique
and a lock-in amplifier. For the resistance noise measure-
ments, after preamplification of the voltage drop across the
sample, the signal is demodulated by the lock-in amplifier
and the voltage noise power spectral density (PSD), Sy (f, T),
of the fluctuations is processed and recorded by a spectrum
analyzer [27,28]. As required, the voltage noise PSD scales as
Sy oc I? and care has been taken to rule out spurious noise
sources contributing to the measured signal, e.g., from the
preamplifier or the electrical contacts. The resistance noise
PSD is given by Sz = Sy /I? and therefore for the normalized
quantities it is Sy /V? = Sg/R>. Figure 1 shows typical spectra
of either pure 1/f* type or superimposed with a Lorentzian
contribution, the latter being a signature of a two-level switch-
ing process.

III. EXPERIMENTAL RESULTS

A. 1SR spectroscopy

Representative ZF SR measurements of HgCr,Se, are
presented in Fig. 2, showing both the long-time relaxation [(a),
measured at ISIS] predominantly sensitive to dynamics of the
system on the muon timescale (MHz-GHz), and short-time
behavior [(b), measured at SuS], dominated by effects due to
long-range magnetic order. For the measurements performed
at ISIS the detector efficiency « was calculated from a wTF
measurement made above 7¢ and assumed to be temperature
independent. The data were subsequently fitted over the entire
temperature range using the function

A(t) = ar exp(—At) + ap exp(—Apt), €))
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FIG. 1. Typical voltage noise spectra Sy vs f for HgCr,Se, (at
various temperatures) either of 1/f“ type or superimposed with a
Lorentzian contribution. (a) For the former type, from a linear fit
in the log-log representation (red line) the magnitude Sy (f = 1 Hz)
(dashed red line) and the frequency exponent o (slope) are deter-
mined. (b) A characteristic spectrum of the latter type shown as
Sy x f vs f, where the 1/f* contribution (dotted line) is nearly
constant (in this case o« = 1). The spectrum is fitted to Eq. (3)
(continuous red line) with the Lorentzian (dashed line) exhibiting a
peak at the corner frequency f,.

where the component with amplitude a; captures the contribu-
tion from muons stopping in the sample and relaxing with rate
A determined in part by dynamic fluctuations of the local mag-
netic field, while the baseline term with amplitude a;, accounts
for muons that stop outside of the sample in the silver backing
plate and weakly relax with rate Ay, due to interaction with the
Ag nuclear moments. As expected, the rate A, = 0.01 st
was found to remain constant at all temperatures. In a mag-
netically ordered, polycrystalline sample we expect 1/3 of
muons to stop with their spin initially aligned along the local
magnetic field (contributing a slowly relaxing “1/3 tail” to the
spectra). The other muons, that stop with a component of their
spin initially perpendicular to the local magnetic field, will
precess and relax, with both effects too rapid to be observed at
ISIS due to the pulse width of the ISIS muon beam. (Instead,
this contribution is seen in the measurements performed at
SuS, discussed below.) This accounts for a lost fraction of
the asymmetry in the ordered state in the ISIS measurements.
Values of these parameters extracted through fitting the data
can be seen in Figs. 3(a) and 3(b).

Two peaks in A, as well as unusual changes in the to-
tal asymmetry a; + a, (typically, the asymmetry remains
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FIG. 2. Representative ZF nuSR measurements of HgCr,Se,.
Data in (a) were measured at ISIS; (b) shows data measured at SuS.
Fits to the data, described in the text, are shown. Some data are
plotted with a labeled vertical offset for clarity.
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FIG. 3. Parameters extracted through fitting ZF uSR measure-
ments of HgCr,Se, as described in the text. (a), (b) Results from
ISIS. (¢), (d) Results from SuS. Dashed lines indicate boundaries
between the different regimes as discussed in the text. The solid
lines in (c) are a fit to critical behavior typical for a 3D Heisenberg
ferromagnet, with the dashed section extending the behavior to 7¢.

approximately constant far from 7¢), suggest three distinct
regimes of behavior distinguished by their dynamics; we indi-
cate the transition between these regimes with dashed lines in
Fig. 3. At low T there is little relaxation. Above T ~ 75K
the drop in a; + a, indicates that an increased number of
muons have their spin polarization relaxed too rapidly to be
detected with the time resolution available at ISIS, sugges-
tive of dynamics of the local magnetic field on the muon
timescale. This may also suggest that the observed peaks in
A are not two distinct peaks, but rather the two edges of a
single peak (which will have a maximum between 75 K and
Tc =~ 106 K), with the relaxation rate in this regime too rapid
to be detected in these data. For T > T¢, the recovery of
ar + ay, and gradual decrease in A after a peak is suggestive
of a transition to a disordered magnetic phase. Above Tc,
in a 3D Heisenberg magnet (such as HgCr,Ses), we would
expect A o |T — Te|~%7% [29-31]. This model describes the
data well, with 7 >~ 106 K, and can be seen as a solid line in
Fig. 3(a).

In equivalent measurements performed with higher time
resolution at SuS, below T¢ oscillations in A(z) are observed
[see Fig. 2(b)], indicative of coherent precession of the muon-
spin polarization that occurs due to long-range magnetic order.
To characterize these oscillations the data are fitted with the
function

A(t) = Z af) cos(y,Bit + ¢;) exp ( - Uiztz)

i=1

+ arexp(—A:t) + ay, @

with a! the amplitude of the oscillating components, each
due to precession in local magnetic field B; with associated
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phase offset ¢; and relaxation rate o;, which is related to the
distribution of magnetic fields at that muon site. The term with
amplitude a; again accounts for muons that stop with their
spin initially aligned with the local magnetic field direction
and hence do not precess, and ay, accounts for muons stopping
outside of the sample.

Atlow T, below T ~ 75K, n = 2 is needed to capture the
behavior of A(?), indicating two magnetically distinct muon
stopping sites. Extracted parameters through fitting of A(¢) are
shown in Figs. 3(c) and 3(d). The fields at the muon sites are
found to vary in fixed proportion, B,/B; = 3.08(5), with a} +
a2 =9.8(3)%, with a2/(al +a2) = 0.281(11), ¢ = 7(2)°,
and ¢, = —45(3)° found to be independent of T over this
range. All these factors suggest that the two distinct mag-
netic environments occur due to the same magnetic order
parameter, typical of ferromagnetic behavior previously ob-
served at low T in HgCr,Se, [4]. The nonzero (and distinct)
phase offsets of the two components are unusual, and suggest
complex magnetic behavior that leads to differences in the
local magnetic field distribution at the two muon stopping
sites. Specifically, the ¢ ~ —45° phase offset is sometimes
observed for the case of an incommensurate magnetic struc-
ture [22,23]. (We return to this feature below). The rate A,
matches that found in the ISIS measurements discussed above.

The relaxation rates o; of the oscillating components in
a static, magnetically ordered phase can be related to the
width of the distribution of magnetic fields at the muon site
via 0} = A?/2, where A; = y,+/((B: — (B;))?). We observe
0y < 01, which is unexpected as we would typically expect o;
to scale with the field at the muon site. This further suggests
that the two distinct muon stopping sites have different static
local environments and/or different dynamics.

As T is increased above 75 K, oscillations in A(¢) are
still observable, but are heavily damped [see Fig. 2(b)]. This
indicates the system still exhibits long-range magnetic order,
but there is a much greater dynamic response on the muon
timescale (as is also observed in the measurements performed
at ISIS). Only n =1 is needed to parametrize these data in
this regime. However, the large relaxation rates o}, coupled
with the smaller relative amplitude seen at low 7', suggests
that the contribution to A(¢) from B, is relaxed too quickly
to be observed. This is consistent with the increased lost
asymmetry observed in Fig. 3(b). In this regime ¢ = 7(3)°
(consistent with ¢; at low T') and ar/(aé +a,) = 0.391(15).
As expected from the ISIS data, oy and A; both peak in
the middle of this temperature regime. Although it is not
normally possible to distinguish an increase in relaxation
rate occurring due to an increase in the width of the dis-
tribution of magnetic fields at the muon site, or a change
in the dynamic fluctuation rate on the muon timescale, we
infer from the behavior of lambda in the ISIS data that this
effect is likely dominated by dynamic effects. This further
suggests the peaks observed in A in Fig. 3(a) are the edges
of a single peak. The peak in o; might suggest that relax-
ation pathways freeze out, reducing in frequency and passing
through the frequency window to which SR is sensitive on
cooling below 90 K, as the behavior of the system gradually
changes state.

For T < Tc we expect critical behavior of B; such that
B; = BY(1 — T/Tc)P, with Ref. [4] identifying B = 0.361,

close to the theoretical value of 8 = 0.367 for a 3D Heisen-
berg ferromagnet. Due to the heavy suppression of the
oscillatory part of A(r) just below T¢, extracting a reliable
value of B is challenging. However constraining to § = 0.367
gives a good fit of the extracted B;, as seen in Fig. 3(c),
consistent with the system behaving as a 3D Heisenberg fer-
romagnet, giving a critical temperature 7c = 107.9(3) K. At
high T there are no oscillations observable in A(z), consistent
with a lack of long-range magnetic order. Eq. (1), with A, = 0,
describing the behavior in this regime.

Finally, we performed weak transverse field (WTF) mea-
surements in order to check for evidence of magnetic phase
separation in the intermediate temperature regime, which is
detailed in Appendix B. These measurements do not show evi-
dence for such phase separation down to the few-percent level,
but do show similar transitions to those reported from the ZF
measurements. The key observation from these SR results
is the spin dynamics seen in the intermediate temperature
regime. In order to link these to charge carrier dynam-
ics, we next turn to the results of fluctuation spectroscopy
measurements.

B. Fluctuation (noise) spectroscopy

Sample characterization—DC conductivity. Transport
measurements have been carried out on several samples of
n-type HgCr,Se, single crystals. From the literature it is
known that the transport properties and the CMR effect are
highly sensitive to details in the growth procedure and sample
treatment [32]. However, the magnetism and basic transport
characteristics are consistent for the different types of sam-
ples. For the time-resolved transport measurements presented
here, we chose a single-crystalline sample with an electron
density of n &~ 6.1 x 10" cm 3 at liquid helium temperatures,
the impedance range of which is convenient for standard fluc-
tuation spectroscopy measurements. For the present sample,
due to a higher carrier mobility, the absolute values of the re-
sistivity are considerably lower than for the sample discussed
in our earlier work [4] and hence the CMR effect less pro-
nounced. However, the transport properties of the HgCr,Se4
sample shown in Fig. 4 exhibit the same general character-
istics, namely a semiconducting behavior upon cooling from
room temperature followed by an intermediate temperature
regime, where the resistivity increases less strongly, and a
drop and metallic behavior at T < 92 K, which is somewhat
below the ferromagnetic ordering temperature 7c ~ 107 K de-
termined from @SR or magnetic susceptibility measurements
(see Appendix A), but is close to the relaxation rate peak
seen in the ZF puSR. Similar to the sample in [4], the resis-
tivity in the intermediate and metallic regimes is suppressed
by magnetic fields. The Arrhenius plot in Fig. 4(b) shows
a thermally activated behavior p(T') = pgexp (Ap/kgT) of
the resistivity at high temperatures with an activation energy
Ap = 133 meV.

Magnetic polaron dynamics and percolation (T > Tc).
Next, we discuss the overall behavior of the resistance fluctu-
ations in zero magnetic field. Figure 5(a) displays the sample
resistance, R, at discrete temperatures (green circles) and the
corresponding normalized resistance noise PSD, Sg/R* (or-
ange diamonds), of the 1/f-type noise taken at f = 1 Hz.
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FIG. 4. (a) Longitudinal resistivity p..(T) of n-type HgCr,Sey4
for different externally applied magnetic fields of B =0, 1, 4, and
8 T. (b) Arrhenius plot log p,, vs 1/T for magnetic fields B =0, 1, 4,
and 8 T. The linear fit (red dashed line) (see text) indicates a thermal
activation gap of A, = 133 meV.

In our frequency range f = 0.01-100 Hz, we observe pure
Sg/R* o 1/f% noise for temperatures T > 150K and T <
100K, with a frequency exponent «(7) exhibiting values
between 0.8 and 1.4, see Fig. 7(a) below, where a variation
from 1 to larger or smaller values implies a shift of the spectral
weight (and therefore the fluctuation dynamics) to lower or
higher frequencies, respectively, as compared to the homo-
geneous distribution of timescales for ¢ = 1 [28]; see also
Appendix C. In contrast, a Lorentzian spectrum characteristic
for distinct two-level fluctuations is superimposed on the 1/ f¢
noise for 100 K < T < 150 K [gray-shaded area in Fig. 5(a)].
Therefore, the observed spectra can be described by

e T) _ A _Aofe

R2 - fe fz + f¢27

where A;(7T") denotes the magnitude of the 1/f-type noise
and «(T) its frequency exponent. The magnitude of the
Lorentz contribution A>(T) =2/ x ((6R)?)/R? and f. =
1/(2mt.) denote the relative change of the global resistance
due to the local fluctuation and the corner frequency, respec-
tively; see Fig. 1(b). The action of a single fluctuator giving
rise to the Lorentz spectrum [and A,(T) # 0] becomes en-
hanced in our frequency range (“noise window” [0.01 Hz,
100 Hz]) only for 100K < T < 150 K. For T > 150K
and T < 100K, however, the magnitudes A,(7) =0 and
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FIG. 5. (a) Resistance, R (green symbols), and normalized resis-
tance noise PSD, Sz/R*(f = 1 Hz) (orange), of the 1/f-type noise
vs temperature 7'. In the gray-shaded region additional Lorentzian-
type spectra due to two-level switching processes were observed.
Their amplitude is not included here. Their characteristic time con-
stant 7., however, is shown as blue triangles. In the percolation
regime (see text), the noise PSD strongly increases with decreas-
ing temperature following an approximate power law Sg/R* oc T~
(red line). (b) Scaling Sg/R?> o R" in the percolation regime with
w = 3.6 = 0.1 (red line). Below about 120 K the scaling exponent
becomes temperature dependent.

A\(T)= Sg/R*(f = 1 Hz, T) as well as the frequency ex-
ponent «(7T') = [—31nSg/R*(f,T)]1/(@In f) can be directly
read from the fit shown exemplarily for a selected temperature
in Fig. 1(a).

In Fig. 5(a), for all temperatures including the gray-shaded
area, we show A|(T) (orange diamonds); i.e., the magni-
tude of the Lorentzian contribution A,(7) is not included
[see Appendix C for the behavior of A,(T)]. Clearly, the
resistance fluctuations Sg/R?(T) behave very differently than
the time-averaged mean R(7) and reveal information on the
low-frequency dynamics of the charge carriers coupled to the
magnetic (and possibly other) degrees of freedom. Upon cool-
ing from room temperature, the 1/f-noise initially slightly
increases until below ~230-240K it stays roughly constant
down to about 150 K (roughly coinciding with the onset
of two-level fluctuations), below which it again slightly de-
creases. At about 135 K the 1/f noise then shows a sudden
increase of almost two orders of magnitude, peaks at around
Thax ~ 98 K (slightly below T¢ and above the resistivity max-
imum), and exhibits a sudden drop upon further cooling
through the magnetically ordered phase. Below a sharp min-
imum, the noise then increases again and shows additional
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FIG. 6. Temperature dependence of the corner frequency f, of
the two-level fluctuations observed for 100 K < 7' < 150 K [gray-
shaded area in Fig. 5(a)] in zero magnetic field shown as In f, vs T'.
Orange line is a fit to the model Eq. (5); see text and [44]. The inset
shows corresponding spectra at selected temperatures with fits (red
lines) to Eq. (3).

local maxima and minima upon further cooling. As will be
described below, these features exhibit a qualitatively different
dynamics than the sharp peak at 98 K and their behavior
can be well understood within a model of nonexponential
kinetics, i.e., a superposition of many independent two-level
fluctuators with a characteristic distribution of thermal acti-
vation energies. We interpret the strong increase of the 1/f
noise below about 135 K following an approximate power law
Sg/R* oc T~'4, the sharp peak around 98 K, and the even more
pronounced drop on the low-temperature side as a percolation
transition of correlated magnetic polarons quite similar to the
observations in other CMR systems, as, e.g., in perovskite
manganites [33], Ga;_,Mn,As [34] and EuBg¢ [35]. (Notably,
a strong, power-law increase of the fluctuations is a general
feature observed upon approaching a metal-to-insulator tran-
sition [36-38]). As expected for a simple random resistor
network [39], we observe a scaling behavior, see Fig. 5(b),
demonstrating a power law Sg/R? o< R* upon approaching the
percolation threshold, where w = «k /t depends on the perco-
lation scenario [39,40]. We find w = 3.6 & 0.1, albeit only in
the small temperature region of the strong increase of the 1/f
noise. Below this temperature regime the scaling exponent be-
comes temperature dependent, which may be due to the strong
influence of spin correlations on the effective size of mag-
netic polarons to be discussed below. Large values of w ~ 3
have been found, e.g., in random metal-insulator composites,
where a modified random void model is invoked, in which the
stochastic voids in a conducting matrix are replaced by inter-
penetrating conducting spheres in an insulating matrix [41].
The temperatures 7* ~ 140-150 K, where the magnetic
susceptibility of our sample deviates from a Curie-Weiss law,
see Appendix A, may be interpreted as the crossover from
isolated polarons to a percolative behavior [4]. In electron
spin resonance measurements [17] this temperature scale is

T (K)
@ 10 100
| —— DDH model
—e— experiment
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FIG. 7. (a) Temperature dependence of the frequency exponent
o compared to the values calculated from the DDH model (red
line), Eq. (7). The parameters for g(7) and 7, are given. Dashed
line marks the temperature below which the DDH model is valid.
(b) Distribution of activation energies D(E) calculated from Eq. (8),
which determines the temperature dependence of the noise magni-
tude Sg/R*(T) at f = 1 Hz below T = 75 K; see text.

assigned to the occurrence of an additional magnetic contri-
bution associated with magnetic correlations among MPs or
ferromagnetic clusters.

A clue for better understanding the slow dynamics within
this percolation regime comes from the distinct two-level fluc-
tuations being enhanced in our “noise window” for 100 K <
T < 150 K (see above). Figure 5(a) displays in this region
(gray-shaded area) the time constant 7, = 1/(27 f,) of the
two-level fluctuator as blue triangles, determined from the
fits of the spectra to Eq. (3) [see Fig. 1(b) and inset of
Fig. 6]. We find that for decreasing temperatures the char-
acteristic relaxation time 7, is nearly constant before below
about 120 K—the same temperature where the percolation
scaling shown in Fig. 5(b) breaks down—it strongly increases
corresponding to a drastic slowing down of the fluctuation
dynamics upon approaching the magnetic transition and the
1/f%-noise maximum. This unusual behavior is also high-
lighted in Fig. 6 showing the corresponding temperature
dependence of the corner frequencies f, plotted as In f. vs T
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with the evolution of the spectra fitted by Eq. (3) shown in the
inset. Clearly, the behavior expected for a simple thermally
activated process f, = foexp (—E,/kgT) is not observed. In-
stead, f. stays roughly constant upon cooling from 150 K
to about 120 K below which it gradually more strongly de-
creases, i.e., the characteristic time of the fluctuations slows
down, with an increasingly steeper slope (stronger slowing
down) upon lowering the temperature. A natural explana-
tion for a two-level-fluctuator in a system with magnetically
induced electronic phase separation and percolation is the
switching of a bound magnetic polaron, i.e., a nanoscale
magnetic cluster with aligned spins having to overcome an
energy barrier due to the environment of the surrounding
paramagnetic matrix. The logarithmic growth of the radius of
the bound magnetic polaron with decreasing temperature de-
scribed in the seminal works by Bhatt et al. [42] and Kaminski
and Das Sarma [43] indeed suggests a slowing down of the
polaron dynamics until the percolation threshold is reached,
where the MPs merge and the impedance of their motion in the
insulating matrix becomes lifted. However, we will show in
the following that in such a picture the observed behavior can
only be understood when the MP’s effective radius depends on
the spin correlation length; i.e., a core-shell structure of the
MP is considered. Indeed, such spin correlations have been
proposed to play an important role for a wide temperature
range Tc < T < T* in the paramagnetic phase [4].

In the model of correlated polarons by Bhatt et al. and
Kaminski and Das Sarma, for temperatures smaller than a
characteristic energy scale given by the localization length of
a dopant (captured hole), all magnetic spins within distance
rp(T) = %aB In (sS|Jo|/kpT) of dopants align antiferromag-
netically, where ap is the localization length of the donor, s
the carrier spin, S the spin of the magnetic ion in the ma-
trix, and Jy the effective exchange constant [42,43]. We now
consider a core-shell structure, where ro. = r,(T) describes
the radius over which the magnetic moments are bound to
those of the carrier and ry,ey = (7T /Tc — 1)™" the decay of
the spin polarization at the MP boundary determined by the
spin correlation length, with v = 0.709 for a 3D Heisenberg
ferromagnet. Therefore, ryip(T) = reore (1) + Fenen(7) and for
the MP’s volume

1 T -V
VMP(T)w4mp(T>2[§r,,(T)+so<T——1) ] @
C

Assuming a bistable switching as suggested by the experimen-
tal observation and a thermally activated behavior f.(T) =
Jfoexp (—KVump/kpT') with a parameter K determining the en-
ergy barrier, we have

2K (. sSIol\
In f, ~1n fy — T <lnu>

ksT kgT

ap SSlJ()l T -
—1 ——1 . 5
X|:6 T +EO<TC ) ] ®

The orange line in Fig. 6 is a fit to the model Eq. (5) with a
set of parameters with reasonable values [44] demonstrating
that only when considering the significant spin correlations
in HgCr,Se, [4] it is possible to reproduce the highly un-
usual temperature dependence of the corner frequency of the
observed two-level switching. We interpret this behavior in

a sense that the exceptionally strong increase of the 1/f-
type noise upon cooling is due to two effects, namely (i)
the percolation of MPs in a complex network and (ii) their
increasingly slow “internal” dynamics. This is also reflected
in the distribution of the spectral weight of the 1/f noise;
see Appendix C. Although the fit is not unique due to the
large set of independent parameters [44] we consider the good
agreement as a signature of the particular importance of spin
correlation effects for the MP percolation in HgCr,Se,. Inter-
estingly, in the related spinel CdCr;,S4, a spin-pair correlation
driven CMR effect is discussed [19] which indicates a more
general importance of our findings. As an independent cross-
check, we find that the estimated percolation threshold rpere &
0.86/n'/? with n the density of MP [43] yields a radius of the
polarons which agrees quite well with the values estimated
from our model, Eq. (5), at the “percolation temperature,” i.e.,
the 1/f-noise maximum at 98 K.

Nonexponential kinetics (T < Tc). Now we turn to the
charge fluctuations in the magnetically ordered state. A widely
used model for the ubiquitous 1/f* noise in solids is a super-
position of independent “fluctuators,” i.e., two-level processes
fluctuating with a characteristic time constant 7, which couple
to the resistance of the system, each contributing a Lorentzian
spectrum [28,39,45]:

Sr(f,T) o 4t
TO‘/O DO ©)

where D(t) is a distribution of effective time constants. While
in our case such a model is not expected to be valid in
the percolation regime above and around ¢ or Ti,x, its ap-
plicability at lower temperatures can be tested. The model
assumes a thermally activated switching process where the re-
laxation time follows an Arrhenius law t = tyexp (E,/kgT),
with 79 an attempt time, typically of order of the inverse
phonon frequencies, and E, the a characteristic energy of the
two-level potential. The superposition of Lorentzian spectra
with a sufficiently broad distribution of activation energies
D(E,) = D(E) then leads to a 1/f*-type spectrum [46] in a
frequency window determined by the energy distribution. A
phenomenological description based on this concept of nonex-
ponential kinetics [47] has been introduced by Dutta, Dimon,
and Horn (DDH) [48]. Under the assumption that the same
fluctuation processes determine the temperature dependencies
of both the noise magnitude [see Fig. 5(a)] and the frequency
exponent (spectral weight distribution) [see Fig. 7(a)], the
model predicts

a(l)y=1-
In2r fro) [ 91In(T) d1In(T)
where g(T") describes the coupling of the two-level processes
to the resistance and accounts for an explicit temperature
dependence of the distribution of activation energies [49]. For
g(T) o« T, creating a constant offset of the model adaption
in Fig. 7(a) and a typical inverse phonon frequency t, =
10~'*s, the prediction Eq. (7) matches the data quite well
below about 75 K (i.e., the boundary of the intermediate
temperature regime identified via our SR measurements)
but deviates considerably above that temperature, in particular
where the noise is mainly caused by the percolation of MPs.
Therefore, for energies E < kzT In (27 f15)~! with T = 75K

1 [alnS(T)_alng(T)_ ] -
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and at f = 1 Hz, one can determine the energy distribution
causing the observed 1/ noise [48] from

2 f Sr(f. T)/R*
kgT — g(T)

which is shown in Fig. 7(b). Clearly, the observed magnitude
of the 1/f-type noise and its distribution of spectral weight
can be described by a series of local maxima/peaks in the
energy distribution D(E) of thermally activated fluctuators at
about 36, 100, 115, and 168 meV; see arrows in Fig. 7(b).
It is inherent to the model that the two-level fluctuators are
not specified a priori but may be identified a posteriori from
the maxima in D(E), i.e., their energy signature. As discussed
below, based on the ;SR results we attribute these energies to
clusters of MPs that form around the magnetic and percolation
transition, become frozen at low temperatures, and fluctuate as
magnetic domains or dynamic domain walls.

D(E) o . ®)

IV. DISCUSSION

Naturally, resistance noise and ©SR spectroscopy probe
different frequency regimes. The latter is a local probe of
the microscopic magnetic field distribution, whose dynamic
response is determined by y, B where B is the magnitude of
the total field at the muon site, such that ©SR typically probe
spectral features in the MHz—GHz range such as low-energy
spin fluctuations or spin diffusion. In contrast, resistance noise
spectroscopy is sensitive to the dynamics of collective ob-
jects, such as magnetic polarons but also nano- or microscale
magnetic domain walls or domains in ferromagnets. Our data
obtained by the combination of these two methods can be rec-
onciled with a description of magnetism in HgCr,Se4 given in
terms of MPs, in which dilute polarons form for temperatures
T > T¢ and then coalesce below T¢ until an ordered magnetic
state is stabilized at temperatures far below 7¢.

The noise measurements reveal low-frequency dynamics
consistent with a percolation transition of MP, where there is
a strong increase and power-law divergence of the magnitude
of the 1/ f-type fluctuations upon approaching the percolation
threshold, very similar to the behavior of EuBg [35], where
the existence of MPs explaining the CMR effect is well estab-
lished [11,14,16,50]. In the present spinel system, however,
the density of isolated MPs seems to be considerably lower
which results in the enhancement of distinct two-level fluc-
tuations superimposed on the underlying 1/f noise. We have
shown that the MP dynamics can be described by a core-shell
model corroborating the importance of spin correlations sug-
gested previously. The SR data suggest that these isolated
MPs do not significantly affect the dynamics of the bulk sys-
tem on the muon timescale, nor do they have sufficient density
to lead to relaxation of the muon spin. A rough estimate of
the volume fraction occupied by MPs, assuming a radius of
~5 nm and a density equal to the carrier density n, gives 0.3%,
well below the volume at which we would expect uSR to be
sensitive, which is typically of order of a few percent.

This picture is consistent with the noise data, as while the
isolated MPs do not form much of the total volume fraction
of the sample (as seen here with uSR), they can still have
profound effects on the transport properties. We mentioned
that in EuBg [51], both resistance noise and ;tSR spectroscopy

provided evidence for the coalescing of magnetic polarons
[50] in a similar manner to the scenario we invoke here to
explain the behavior of HgCr,Ses. In EuBg, changes in the
different parts of the wuSR signal indicated two magnetic
transitions, along with a phase separation, above 7T¢, into
ferromagnetically ordered regions of overlapping MPs and
paramagnetic regions between them. Some of the changes
we observe in the uSR signal measured in the intermedi-
ate temperature regime (75 K < T < T¢) of HgCr,Se4 are
broadly similar to those found in EuBg¢ at temperatures above
Tc but below its higher-temperature transition [50]. However,
we do not see evidence for phase separation into paramagnetic
and ordered regions in the intermediate temperature range of
HgCr,Se4, nor a clear signal in the SR above T¢ for freezing
or MP dynamics.

An interesting feature is the coupling of the magnetism and
electronic behavior, specifically the magnetic-order-driven
metal-insulator transition, and the coincidence of peaks in
1SR relaxation rates and electronic noise spectroscopy mea-
surements. The magnetism at these temperatures is dynamic
on the muon timescale as evidenced by the peak in relax-
ation at ~95K which, remarkably, coincides with a peak
both in the electrical resistivity and the normalized resistance
fluctuations of the sample, suggesting a degree of magneto-
electric coupling. Further evidence for this coupling comes
from the magnetic-order-driven metal-insulator transition. As
the normalized PSD is measured at much lower frequencies
(<100 Hz) than those to which uSR is sensitive, it suggests
those dynamics persist over a wide range of frequencies. This
holds true for frequencies down to the mHz regime which
shows that the relaxation pathways freezing out consist of
spin-correlated regions over a wide range of length scale up
to nano- and microscale objects, as, e.g., clusters of MPs
or magnetic domains, which naturally explains the enhanced
1/ f-type noise below T¢.

Upon further cooling, a change in dynamics is again ob-
served at different timescales in both spectroscopy methods.
Below ~75K there is little dynamic relaxation at uSR time
scales and the two different local environments (muon stop-
ping sites) are observed to show distinct behavior. This can
be interpreted in terms of one of the two precession frequen-
cies [i = 1 in Eq. (2)] arising from muons that stop inside
a polaron or a cluster of polarons, and the other (i =2,
with its phase offset indicative of a complicated, possibly
incommensurate, field distribution) from muons that stop in
between, in domain-wall-like regions. These two muon stop-
ping sites couple to the same magnetic order parameter [as
shown in Fig. 3(c)], but experience different dynamics. Like-
wise, below the same temperature of about 75 K the observed
1/ f-type resistance fluctuations are well described by a model
of nonexponential kinetics [which inherently implies an “in-
homogeneous” distribution of relaxation times D(E) of width
much larger than the thermal energy]; i.e., a change in the
charge carrier dynamics coupled to the magnetism occurs. The
observed dynamics in #SR and resistance noise may be con-
sistently explained by large, polarized, and domain-wall-like
regions remaining from the freezing of the spin dynamics at
the MP percolation transition below 7¢. Local ferromagnetic
inhomogeneities, which were attributed to frozen clusters of
MPs including a large connected (or “infinite”) cluster of
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linked MPs forming below 7¢, indeed have been suggested
for the model CMR system EuBg from measurements of the
local magnetic induction [52]. The low-frequency fluctuation
processes in HgCr,Ses with energies between about 30 and
170 meV, see Fig. 7(b), then are related to thermally activated
switching processes of magnetic domains or the motions of
domain walls.

V. CONCLUSION

The combination of «SR and resistance fluctuation spec-
troscopy measurements of the ferromagnetic spinel HgCr,Sey
allows the study of magnetic and charge dynamics over a
wide range of frequencies, revealing a degree of magnetoelec-
tric coupling and distinct regimes of behavior reminiscent of
polaron host EuBg [35,50]. Atlow T conventional 3D Heisen-
berg magnetism is observed. As the temperature increases,
a dramatic change in the ©SR relaxation rates occurs above
T ~ 75K, a temperature that coincides with the breakdown
of the phenomenological DDH model in noise spectroscopy
measurements. The latter is suggested to describe fluctuations
of frozen clusters of linked magnetic polarons or magnetic do-
mains in agreement with the observation of two magnetically
distinct muon stopping sites coupled to the same magnetic
order parameter. Upon approaching 7¢ and a maximum in the
1/ f-type noise a strong (power-law) increase of the resistance
fluctuations and scaling behavior are observed, consistent with
a percolation transition of magnetic polarons, similar to the
CMR systems EuBg [35] and perovskite manganites [33]. The
unusual behavior of a two-level fluctuation process superim-
posed on the generic 1/ noise in HgCr,Se4 can be described
by a slowing down of the polaron dynamics, taking into ac-
count an effective radius of the magnetic polaron depending
on the spin correlation length. Above T¢, the uSR response
suggests that isolated magnetic polarons do not occupy a
significant volume fraction of the sample.

Data from the UK effort are available [53].

ACKNOWLEDGMENTS

Work at Goethe University Frankfurt was funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation), Project No. 449866704. Muon measurements
were made at the Swiss Muon Source and the STFC-ISIS
Facility and we are grateful for the provision of beamtime.
We are grateful to EPSRC (UK) (Grant No. EP/N032128/1).
M.N.W. acknowledges the support of the Natural Sciences and
Engineering Research Council of Canada (NSERC). M.M.
and J.M. are grateful to Bernd Wolf for magnetic character-
ization measurements.

M.M. and T.J.H. contributed equally to this work.

APPENDIX A: MAGNETIC CHARACTERIZATION

In Fig. 8 we plot the temperature dependence of the inverse
magnetic susceptibility 1/x of n-HgCr,Se4. For the inves-
tigated sample, the susceptibility starts to deviate from the
Curie-Weiss law (red line) at T* ~ 140 K. The inset shows
the temperature dependence of the magnetic susceptibility at
an applied magnetic field of B = 0.1 T, showing a broadened
magnetic transition.
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FIG. 8. Temperature dependence of the inverse magnetic sus-
ceptibility 1/x (blue diamonds) of n-HgCr,Se, and the linear,
Curie-Weiss fit in the high temperature range (red line). The inset
shows the temperature dependence of the magnetic susceptibility
with an applied magnetic field B = 0.1 T for different samples of the
ferromagnetic semiconductor.

APPENDIX B: WTF uSR DATA

To investigate the possibility of magnetic phase separa-
tion, measurements were made at ISIS with a weak magnetic
field (Bexe = 2 mT) applied perpendicular to the initial muon-
spin polarization [know as a weak transverse field (WTF)
measurement]. These measurements also allow us to further
investigate the changes in ap , above Tc shown in Fig. 3. We
find that A(7) can be parametrized with the function

A(t) = aj cos(y, Bit) exp(—Ait)

+ an cos(y,But + @) exp(—Ant) + am. (BD)

The first term, with amplitude aj, accounts for those muons
that precess in a field B; >~ 2.05 mT, close to the applied field
(corresponding either to those in the sample for T > T¢, or
those stopping far from the sample in the silver backing plate).
The second term, with amplitude ay, corresponds to muons
that stop at sites where there is a magnetic field perpendicular
to the muon-spin direction, but this field is shifted from the
external field. These muons could be inside the sample, at
positions where the ordered internal field is relatively small
or, more likely, in the silver foils or backing plate close to the
sample, where they experience a contribution from the fer-
romagnetically ordered sample. We find this component has
a constant amplitude ay = 4.3(2)% across the temperature
regimes, consistent with it arising from a constant fraction of
muons that probably stop outside the sample. [We additionally
find ¢ = —28.6(1.3)° is also constant]. The final term, with
amplitude ayy, account for muons that stop inside the sample
with a net, static magnetic field parallel to the initial muon-
spin direction. The parameters extracted from these fits are
shown in Fig. 9.

As T is reduced below Tc, the amplitude qa; is reduced as
large ordered fields develop, preventing muons in the sample
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FIG. 9. Parameters extracted through fitting WTF (Bey = 2 mT)
1SR measurements of HgCr,Se, as described in the text. Dashed
lines correspond to transitions between the three different regimes
identified in the text. Lines in (c) are a guide to the eye.

from contributing to this oscillating fraction. The associated
dynamic fluctuations on the muon timescale prevent ayy si-
multaneously increasing. It is not until below T ~ 75K that
ay increases, where the 1/3 tail is recovered, once again
identifying the three regions of behavior. We note that we do
not observe any additional changes in the intermediate regime
that might reflect magnetic phase separation. However, these
data possibly suggest the freezing of dynamics might continue
to occur down to slightly lower temperatures than implied by
the change in dynamics seen in Fig. 3.

Well below T¢ the total change of ayy is approximately
1.6%, which should be 1/3 of the total change in a; in a
polycrystalline sample. The change in a; is found to be Aa; ~
4.8% = 3 x 1.6%. This demonstrates that there is no addi-
tional missing asymmetry in the low temperature regime, and
therefore no evidence for any regions of the sample hosting
large, fluctuating magnetic fields at low temperature. Above 7
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FIG. 10. Normalized resistance noise PSD, Si/R> (f = 1 Hz),
of the Lorentzian amplitude due to two-level switching processes
observed in the gray-shaded region between 100 and 150 K.

there are only small changes, an increase of around 0.5% in g;
as T is increased. This, along with the gradual collapse of the
By toward the applied field, suggests that we detect an effect
due to fluctuating magnetic moments that dies away gradually
above Tc.

APPENDIX C: ADDITIONAL FLUCTUATION
SPECTROSCOPY DATA

In Fig. 10 we show the magnitude of the Lorentzian part
of the noise spectra A,(7T') in the gray-shaded area between
100 and 150 K. Starting at 150 K the power spectral density
starts to increase, consistent with the overall noise amplitude
of the 1/f noise, A;(T"), shown in Fig. 5. At a temperature of
112 K, coinciding with the deviations seen in the percolation
modeling, the noise magnitude of A,(7") begins to flatten and
decrease upon further lowering the temperature.

Following the phenomenological DDH model, shown in
Fig. 7(a), a frequency exponent « > 1 above 1 means a
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FIG. 11. Calculated spectral weight of the normalized resistance
fluctuations ((§R)?)/R? for four different frequency decades as a
function of temperature 7'.
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domination of slow fluctuations whereas for @ < 1 fluctuators
with higher energies contribute more which means that slower
processes dominate the dynamics. In Fig. 11 we present the
calculated spectral weight in different frequency windows.
Starting at room temperature slower dynamics have a larger

amplitude, and upon approaching the percolation transition at
~98 K those processes become even more dominant in agree-
ment with the behavior of the distinct two-level fluctuator and
the importance of spin correlations.
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