PHYSICAL REVIEW MATERIALS 6, 044407 (2022)

Interplay of itinerant magnetism and spin-glass behavior in Fe,Cr;_,
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When suppressing the itinerant antiferromagnetism in chromium by doping with the isostructural itinerant
ferromagnet iron, a dome of spin-glass behavior emerges around a putative quantum critical point at an iron
concentration x &~ 0.15. Here, we report a comprehensive investigation of polycrystalline samples of Fe,Cr;_,
in the range 0.05 < x < 0.30 using x-ray powder diffraction, magnetization, ac susceptibility, and neutron
depolarization measurements, complemented by specific heat and electrical resistivity data for x = 0.15. Besides
antiferromagnetic (x < 0.15) and ferromagnetic regimes (x > 0.15), we identify a dome of spin-glass behavior at
low temperatures for 0.10 < x < 0.25. Neutron depolarization measurements indicate an increase of the size of
ferromagnetic clusters with increasing x and the Mydosh parameter ¢, inferred from the ac susceptibility, implies
a crossover from cluster-glass to superparamagnetic behavior. Taken together, these findings consistently identify
Fe,Cr,_, as an itinerant-electron system that permits to study the evolution of spin-glass behavior of gradually
varying character in an unchanged crystalline environment.
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I. MOTIVATION

Chromium is considered as the archetypical itinerant an-
tiferromagnet [1]. Interestingly, it shares its body-centered
cubic crystal structure Im3m with the archetypical itinerant
ferromagnet «-iron and, at melting temperature, all composi-
tions Fe,Cr;_, [2]. As a result, the Cr—Fe system offers the
possibility to study the interplay of two fundamental forms of
magnetic order in the same crystallographic environment.

Chromium exhibits transverse spin-density wave order
below a Néel temperature 7y =311 K and longitudinal
spin-density wave order below Tsgp = 123 K [1]. Under substi-
tutional doping with iron, the longitudinal spin-density wave
order becomes commensurate at x = 0.02 [3,4]. For x >
0.04, only commensurate antiferromagnetic order is observed
[5-7]. The Néel temperature decreases at first linearly with
increasing x and vanishes around x = 0.15 [8—12]. Increasing
x further, a putative lack of long-range magnetic order [8] is
followed by the onset of ferromagnetic order at x &~ 0.18 with
a monotonic increase of the Curie temperature up to T¢ =
1041 K in pure a-iron [13-21]. Note that only the transition
into the antiferromagnetic state is accompanied by anomalies
in the magnetoelastic properties [22].
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The suppression of magnetic order is reminiscent of
quantum critical systems under pressure [23-25], where
substitutional doping of chromium with iron represents a non-
thermal control parameter that decreases the unit-cell volume.
In contrast to stoichiometric systems tuned by hydrostatic
pressure, however, disorder and local strain are expected to
play a crucial role in Fe,Cr_, and a quantum Griffiths phase
scenario might apply [26-30]. Such a scenario was not consid-
ered for Fe,Cr_, so far and compared to other binary systems
such as Ni;_,V, [31,32] or Au,_,Fe, [33], the suppression
and emergence of antiferromagnetic and ferromagnetic order
in close vicinity to each other would add a novel facet remi-
niscent of the situation in structurally more complex materials
[34-39].

Early studies on Fe,Cr;_, were interpreted in terms of
a coexistence of ferromagnetic and antiferromagnetic states
around x ~ 0.15 [14,40,41], but later on a dome of spin-glass
behavior was identified in this part of the compositional phase
diagram. The dome was reported to extend into concentration
regimes that at higher temperature exhibit antiferromagnetic
[11,20,21,42,43] and ferromagnetic order [19,44,45]. As the
spin-glass behavior in these regimes emerges upon cooling
from a long-range ordered state, it has been referred to as
reentrant spin glass [46,47]; cf. Sec. IV. Both muon spin
relaxation [48] and Mossbauer spectroscopy [49] indicated
that magnetic correlations associated with spin-glass behavior
are observed already well above the spin freezing temperature.

The importance of structural disorder in Fe,Cr;_, was
discussed further in terms of superparamagnetic behavior
and spin freezing due to clusters of neighboring iron atoms
[10,50-53] and in terms of magnetic heterogeneity despite
structural homogeneity in form of the spatial coexistence of
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magnetic and nonmagnetic phases as inferred from Moss-
bauer spectroscopy [54,55]. Recently, atom probe tomography
revealed concentration fluctuations on the scale of a few
nanometers, potentially resulting in the spatial coexistence
of both antiferromagnetic and ferromagnetic order with
spin-glass behavior [56]. Calculations based on the local spin-
density approximation indicated that a ferromagnetic state is
lower in energy than a local-moment disordered state [57].
In comparison, a molecular dynamics approach suggested
that a cluster spin glass in the iron subsystem coexists with
antiferromagnetic order in the chromium subsystem [58].

Theoretical descriptions for reentrant spin-glass behavior
included models based on mean-field [59,60], local mean-
field [61,62], or random-field approaches [63,64], see also
Ref. [46] for a detailed overview. While in mean-field mod-
els the decrease of the magnetization at low temperatures is
derived from the exchange interactions only, in random-field
models small clusters are phenomenologically assumed to
produce the random fields necessary for the break down of
magnetic order. Note that mechanisms such as bond and site
frustration are also discussed in materials with both antiferro-
magnetic and ferromagnetic constituents, where the later may
result in a phase diagram akin to that of the Cr-Fe system
[65-67].

Despite the rather extensive amount of research, the de-
scription of the magnetic properties of Fe,Cr;_, in the
concentration range where antiferromagnetic and ferromag-
netic order break down remained inconclusive up to date, in
particular with respect to a classification of the spin-glass
behavior. Here, we report a study of polycrystalline samples of
Fe,Cr|_, covering the concentration range 0.05 < x < 0.30,
i.e., from antiferromagnetic doped chromium well into the
ferromagnetically ordered state of doped iron. The compo-
sitional phase diagram inferred from magnetization and ac
susceptibility measurements is largely consistent with previ-
ous reports, including reentrant spin-glass behavior emerging
from both antiferromagnetic and ferromagnetic order. We
also identify an additional signature preceding the onset of
spin-glass behavior in the imaginary part of the ac suscep-
tibility. For the spin-glass state, analysis of ac susceptibility
data recorded at different excitation frequencies by means of
the Mydosh parameter, power-law fits, and a Vogel-Fulcher
ansatz establishes a crossover from cluster-glass to superpara-
magnetic behavior as a function of increasing x. Microscopic
evidence for this evolution is provided by neutron depolar-
ization measurements, indicating an increase of the size of
ferromagnetic clusters with increasing x.

Our paper is organized as follows. In Sec. II, the prepara-
tion of the samples and their metallurgical characterization by
means of x-ray powder diffraction is reported. In addition, the
experimental methods used in this study are briefly described.
Providing a first point of reference, the presentation of the
experimental results in Sec. III starts with the compositional
phase diagram as inferred in our study, before turning to a
detailed description of the ac susceptibility and magnetiza-
tion data. Next, neutron depolarization data are presented,
allowing to extract the size of ferromagnetically ordered clus-
ters from exponential fits. Exemplary data on the specific
heat, electrical resistivity, and high-field magnetization for
x = 0.15 complete this section. In Sec. IV, information on the

nature of the spin-glass behavior in Fe,Cr|_, and its evolution
under increasing x is inferred from an analysis of ac suscepti-
bility data recorded at different excitation frequencies. Finally,
in Sec. V the central findings of this study are summarized.

II. EXPERIMENTAL METHODS

Polycrystalline samples of Fe,Cr;_, for 0.05 < x < 0.30
(x =0.05, 0.10, 0.15, 0.16, 0.17, 0.18, 0.18, 0.19, 0.20, 0.21,
0.22, 0.25, 0.30) were prepared from iron (4N) and chromium
(5N) pieces by means of radio-frequency induction melting
in a bespoke high-purity furnace [68]. No losses in weight or
signatures of evaporation were observed. In turn, the composi-
tion is denoted in terms of the weighed-in amounts of starting
material. Prior to the synthesis, the furnace was pumped to
ultrahigh vacuum and subsequently flooded with 1.4 bar of
argon (6N) treated by a point-of-use gas purifier yielding a
nominal purity of 9N. For each sample, the starting elements
were melted in the water-cooled Hukin crucible and the result-
ing specimen was kept molten for about 10 min to promote
homogenization. Finally, the sample was quenched to room
temperature in order to prevent the imminent exsolution of
the compound into two phases upon cooling as suggested by
the binary phase diagram of the Fe—Cr system [2]. From the
resulting ingots samples were cut with a diamond wire saw.

Powder was prepared of a small piece of each ingot using
an agate mortar. X-ray powder diffraction at room temperature
was carried out on a Huber G670 diffractometer in Guinier
geometry. Figure 1(a) shows the diffraction pattern for x =
0.15, representing typical data. A Rietveld refinement based
on the Im3m structure yields a lattice constant ¢ = 2.883 A.
Refinement and experimental data are in excellent agreement,
indicating a high structural quality and homogeneity of the
polycrystalline samples. In particular, no signs of an exsolu-
tion were observed. With increasing x, the diffraction peaks
shift to larger angles, as shown for the (011) peak in Fig. 1(b),
consistent with a linear decrease of the lattice constant in
accordance with Vegard’s law.

Measurements of the magnetic properties and neutron de-
polarization were carried out on thin discs with a thickness of
~0.5 mm and a diameter of ~10 mm. Specific heat and elec-
trical transport for x = 0.15 were measured on a cube of 2 mm
edge length and a platelet of dimensions 5 x 2 x 0.5 mm?,
respectively.

The magnetic properties, the specific heat, and the electri-
cal resistivity were measured in a Quantum Design physical
properties measurement system. The magnetization was mea-
sured by means of an extraction technique. If not stated
otherwise, the ac susceptibility was measured at an excita-
tion amplitude of 0.1 mT and an excitation frequency of
1 kHz. Additional ac susceptibility data for the analysis of
the spin-glass behavior were recorded at frequencies ranging
from 10 Hz to 10 kHz. The specific heat was measured using
a quasi-adiabatic large-pulse technique with heat pulses of
about 30% of the current temperature [69]. For the measure-
ments of the electrical resistivity, the samples were contacted
in a four-terminal configuration and a bespoke setup was
used based on a lock-in technique at an excitation ampli-
tude of 1 mA and an excitation frequency of 22.08 Hz.
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FIG. 1. X-ray powder diffraction data of Fe,Cr,_,. (a) Diffrac-
tion pattern for x = 0.15. The Rietveld refinement (red curve) is
in excellent agreement with the experimental data and confirms the
Im3m structure. (b) Diffraction pattern around the (011) peak for all
concentrations studied. For clarity, the intensities are normalized and
curves are offset by 0.1. Inset: Linear decrease of the lattice constant
a with increasing x. The gray line represents a guide to the eye.

Magnetic field and current were applied perpendicular to each
other, corresponding to the transverse magnetoresistance.

Neutron depolarization measurements were carried out at
the instrument ANTARES [70] at the Heinz Maier-Leibniz
Zentrum (MLZ). The incoming neutron beam had a wave-
length A = 4.13 A and a wavelength spread AA/A = 10%.
It was polarized perpendicular to the beam direction using
V-cavity supermirrors. The beam was transmitted through the
sample and its polarization was analyzed using a second polar-
izing V cavity. While nonmagnetic samples do not affect the
polarization of the neutron beam, the presence of ferromag-
netic domains in general results in a precession of the neutron
spins. In turn, the transmitted polarization with respect to the
polarization axis of the incoming beam is reduced. This effect
is referred to as neutron depolarization. For this experiment,
low temperatures were provided by a closed-cycle refrigera-
tor while water-cooled Helmholtz coils allowed us to apply
a vertical magnetic field perpendicular to both the neutron
beam and the polarization axis. A small guide field of 0.5 mT
was generated by means of permanent magnets. For further
information on the neutron depolarization setup, we refer to
Refs. [71-73].

All data shown as a function of temperature in this pa-
per were recorded at a fixed magnetic field under increasing

temperature, denoted as field heating (th), which is omitted in
the notation in the following. Depending on how the sample
was cooled to 2 K prior to the measurement, three temperature
versus field histories are distinguished. The sample was either
cooled (i) in zero magnetic field (zero-field cooling, zfc), (ii)
with the field at the value applied during the measurement
(field cooling, fc), or (iii) in a field of 250 mT (high-field
cooling, hfc). For the magnetization data as a function of field,
the sample was cooled in zero field. Subsequently, data were
recorded during the initial increase of the field to +250 mT
corresponding to a magnetic virgin curve, followed by a de-
crease to —250 mT, and a final increase back to +250 mT.

III. EXPERIMENTAL RESULTS

A. Phase diagram and bulk magnetic properties

The presentation of the experimental results starts with the
compositional phase diagram of Fe,Crj_,, illustrating central
results of our study. An overview of the entire concentration
range studied, 0.05 < x < 0.30, and a close-up view around
the dome of spin-glass behavior are shown in Figs. 2(a) and
2(b), respectively. Characteristic temperatures inferred in this
study are complemented by values reported by Burke and
coworkers [11,20,21], in good agreement with our results.
Comparing the different physical properties in our study, we
find that the imaginary part of the ac susceptibility displays the
most pronounced signatures at the various phase transitions
and crossovers [74-81]. Therefore, the imaginary part of the
susceptibility was used to define the characteristic tempera-
tures as discussed in the following. The same values are then
marked in the different physical properties to highlight the
consistency with alternative definitions of the characteristic
temperatures based on these properties.

Four regimes may be distinguished in the phase dia-
gram, namely paramagnetism at high temperatures (PM,
no shading), antiferromagnetic order for small values of x
(AFM, green shading), ferromagnetic order for larger val-
ues of x (FM, blue shading), and spin-glass behavior at
low temperatures (SG, orange shading). We note that faint
signatures reminiscent of those attributed to the onset of
ferromagnetic order are observed in the susceptibility and
neutron depolarization for 0.15 < x < 0.18 (light blue shad-
ing). Furthermore, an additional signature in the susceptibility
preceding the spin-glass behavior is observed at the tempera-
ture Tx (purple line) across a wide concentration range. Before
elaborating on the underlying experimental data, we briefly
summarize the key characteristics of the different regimes.

We attribute the onset of antiferromagnetic order below the
Néel temperature Ty for x = 0.05 and x = 0.10 to a sharp kink
in the imaginary part of the ac susceptibility, where values
of Ty are consistent with previous reports [8,11]. As may
be expected, the transition is not sensitive to changes of the
magnetic field, excitation frequency, or cooling history. The
absolute value of the magnetization is small and it increases
essentially linearly as a function of field in the parameter
range studied.

We identify the emergence of ferromagnetic order below
the Curie temperature T¢ for x > 0.18 from a maximum in
the imaginary part of the ac susceptibility that is suppressed in
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FIG. 2. Zero-field composition—temperature phase diagram of
Fe,Cr,_,. Data inferred from ac susceptibility, yx,., and neutron depo-
larization are combined with data reported by Burke and coworkers
[11,20,21]. Paramagnetic (PM), antiferromagnetic (AFM), ferro-
magnetic (FM), and spin-glass (SG) regimes are distinguished. An
additional signature is observed in the susceptibility above the dome
of spin-glass behavior (purple line). (a) Overview. (b) Close-up view
of the regime of spin-glass behavior as marked by the dashed box in
panel (a).

small magnetic fields of a few millitesla. This interpretation is
corroborated by the onset of neutron depolarization. The tran-
sition is not sensitive to changes of the excitation frequency
or cooling history. The magnetic field dependence of the
magnetization exhibits a characteristic S shape with almost
vanishing hysteresis, reaching quasisaturation at small fields.
Both characteristics are expected for a soft ferromagnetic
material such as iron. For 0.15 < x < 0.18, faint signatures
reminiscent of those observed for x > 0.18, such as a small
shoulder instead of a maximum in the imaginary part of the
ac susceptibility, may be interpreted in terms of an incipient
onset of ferromagnetic order in clusters covering an increasing
volume fraction of the sample.

We identify spin-glass behavior below a freezing temper-
ature 7, for 0.10 < x < 0.25 from a pronounced maximum
in the imaginary part of the ac susceptibility that is sup-
pressed at intermediate magnetic fields of the order of 50 mT.

The transition shifts to lower temperatures with increasing
excitation frequency, representing a hallmark of spin glasses.
Further key indications for spin-glass behavior below T,
are a branching between different cooling histories in the
temperature dependence of the magnetization and neutron
depolarization as well as mictomagnetic behavior in the field
dependence of the magnetization, i.e., the virgin magnetic
curve lies outside the hysteresis loop obtained when starting
from high magnetic field [44,82].

Moreover, we identify an additional signature in the sus-
ceptibility preceding the onset of spin-glass behavior at a
temperature Tx based on a maximum in the imaginary part
of the ac susceptibility that is suppressed in small magnetic
fields reminiscent of the ferromagnetic transition. With in-
creasing excitation frequency the maximum shifts to lower
temperatures. Interestingly, the magnetization and neutron
depolarization exhibit no signatures at Tx. We attribute this
phenomenon to subtle rearrangements of the magnetic mo-
ments, potentially connected with Griffiths-like nonanalytic
behavior [26]. A scaling analysis of the magnetic properties or
a microscopic study of the spin dynamics may provide further
insights. However, both are beyond the scope of our current
study.

We finally note in the context of the compositional phase
diagram that data presented in previous studies are reminis-
cent of each other, although their interpretation may vary,
where a particularly intriguing regime concerns the onset
of ferromagnetic order around x &~ 0.20. Here, in the tem-
perature dependence of the magnetization a drop at low
temperatures was consistently observed [19,20,51]. Disorder,
compositional variations, and the emergence of magnetic clus-
ters were discussed as potential origin [17,51,54], when Burke
and coworkers applied a percolation description [21,83].
However, a conclusive picture on the nature of this region
of “complex magnetic properties” was not reported. As the
signatures in the susceptibility, magnetization, and neutron
depolarization data strongly resemble those of the spin-glass
regime at lower iron concentrations, we will discuss this part
of the phase diagram in the following in the spirit of reen-
trant spin-glass behavior emerging from a ferromagnetically
ordered state. This interpretation is also corroborated by our
analysis of the characteristic frequencies in Sec. IV, where a
continuous evolution is observed.

B. Zero-field ac susceptibility

The real and imaginary parts of the zero-field ac sus-
ceptibility on a logarithmic temperature scale are shown in
Fig. 3 for each sample studied. Characteristic temperatures
are inferred from the imaginary part of the susceptibility and
marked by colored triangles in both quantities. While the
identification of the underlying transitions and crossovers will
be justified further in terms of the dependence of the signa-
tures on magnetic field, excitation frequency, and history, as
elaborated below, the corresponding temperatures are referred
to as I, Ic, Ty, and Tx already in the following.

For small iron concentrations, such as x = 0.05 shown in
Fig. 3(a), the real part is small and essentially featureless,
with exception of an increase at low temperatures that may
be attributed to the presence of ferromagnetic impurities, i.e.,
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FIG. 3. Zero-field ac susceptibility as a function of temperature
for all samples studied. For each concentration, the real part (Re y,c,
left column) and the imaginary part (Im x,., right column) of the
susceptibility are shown. Note the logarithmic temperature scale and
the increasing scale on the ordinate with increasing x. Triangles mark
temperatures associated with the onset of antiferromagnetic order at
Tx (green), spin-glass behavior at T, (red), ferromagnetic order at T
(blue), and the additional signature at Tx (purple). The corresponding
values are inferred from Im .., see text for details.

a so-called Curie tail [84,85]. The imaginary part is also small
but displays a kink at the Néel temperature Ty. In metallic
specimens, such as Fe,Cr;_,, part of the dissipation detected
via the imaginary part of the ac susceptibility arises from the
excitation of eddy currents at the surface of the sample. Eddy

current losses scale with the resistivity [86,87] and in turn the
kink at Ty reflects the distinct change in the temperature de-
pendence of the electrical resistivity at the onset of long-range
antiferromagnetic order.

When increasing the iron concentration to x = 0.10, as
shown in Fig. 3(b), both the real and imaginary parts increase
by one order of magnitude. Starting at x = 0.10, a broad max-
imum may be observed in the real part of the susceptibility
that indicates an onset of magnetic correlations where the
lack of further fine structure renders the extraction of more
detailed information impossible. In contrast, the imaginary
part exhibits several distinct signatures that allow to infer, in
combination with data presented below, the phase diagram
shown in Fig. 2. For x = 0.10, in addition to the kink at Ty
a maximum may be observed at 3 K, which we attribute to the
spin freezing at T.

Further increasing the iron concentration to x = 0.15, as
shown in Fig. 3(c), results again in an increase of both the real
and imaginary parts by one order of magnitude. The broad
maximum in the real part shifts to slightly larger temperatures.
In the imaginary part, two distinct maxima are resolved, ac-
companied by a shoulder at their high-temperature side. From
low to high temperatures, these signatures may be attributed
to Ty, Tx, and the incipient emergence of ferromagnetic be-
havior at 7c. No signatures related to antiferromagnetism may
be discerned. For x = 0.16 and 0.17, shown in Figs. 3(d)
and 3(e), both the real and imaginary parts remain quali-
tatively unchanged while their absolute values increase by
roughly a factor of two for each step of 0.01 in composi-
tion. This drastic increase may be attributed to clusters with
ferromagnetic order covering an increasing volume fraction
of the sample while still not developing long-range mag-
netic order due to a lack of connectivity. The characteristic
temperatures only shift to slightly larger values, indicating
that the behavior of individual clusters is rather independent
of x.

For x =0.18, 0.19, 0.20, 0.21, and 0.22, shown in
Figs. 3(f)-3(j), the size of the real and imaginary parts of the
susceptibility remains essentially unchanged. The real part is
best described in terms of a broad maximum that becomes
increasingly asymmetric as the low-temperature extrapolation
of the susceptibility increases with x. In the imaginary part,
the signature ascribed to the onset of ferromagnetic order at
Tc at larger concentrations develops into a clear maximum,
overlapping with the maximum at 7x up to x = 0.20. For
x = 0.21 and x = 0.22, three well-separated maxima may be
attributed to the characteristic temperatures 7T,, Tx, and Tc.
While both T and Tx stay almost constant with increasing x,
Tt distinctly shifts to higher temperatures.

For x = 0.25, shown in Fig. 3(k), the signature attributed
to Tx has vanished while 7, is suppressed to about 5 K. For
x = 0.30, shown in Fig. 3(1), only the ferromagnetic transition
at Tc remains and the susceptibility is essentially constant
below Tc. Note that the suppression of spin-glass behavior
around x = 0.25 coincides with the percolation limit of 24.3%
in the crystal structure Imgm, i.e., the limit above which
long-range magnetic order is expected in spin-glass sys-
tems [88]. Table I summarizes the characteristic temperatures
for all samples studied, including an estimate of the errors
associated.
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TABLE 1. Summary of the characteristic temperatures in
Fe,Cr,_, as inferred from the imaginary part of the ac susceptibility
and neutron depolarization data. We distinguish the Néel temperature
Ix, the Curie temperature Tc, the spin freezing temperature T, and
the additional signature at 7x. Temperatures inferred from neutron
depolarization data are denoted with the superscript “D”. For TP,
the errors correspond to statistical values as inferred from the fitting
procedure potentially underestimating the true values (see below),
while all other errors correspond to estimates of read-out errors.

yOREK LE KE K TPE TP K
0.05 240 £ 5

0.10 190 £ 5 35

0.15 11+£2 23£3 30=+10

0.16 154+£2 344+£3 42+10 18 £5 61 £ 10
0.17 20+ 2 363 42+£10 23 +£5 47 +£2
0.18 22 +2 35+£3 42+£10 22+5 73+£1
0.19 19+2 37+£5 56+£10 25+5 93 +£1
0.20 19+2 35+£5 50£10 24+5 84 +£1
0.21 14+£2 35+£5 1085 25+5 101 £1
0.22 134+£2 324+£5 106 £5 21 +£5 100 £ 1
0.25 5+£5 200 £ 5

0.30 290 £ 5

C. Magnetization and ac susceptibility under applied
magnetic fields

In order to justify further the relationship of the signatures
in the ac susceptibility with the different phases, their evolu-
tion under increasing magnetic field up to 250 mT and their
dependence on the cooling history are illustrated in Fig. 4.
For selected values of x, the temperature dependence of the
real part of the ac susceptibility, the imaginary part of the ac
susceptibility, and the magnetization, shown in the first three
columns, are complemented by the magnetic field dependence
of the magnetization at low temperature, 7 = 2 K, shown in
the fourth column.

For small iron concentrations, such as x = 0.05 shown in
Figs. 4(al)—4(a4), both Re x,. and Im y,. remain qualitatively
unchanged up to the highest fields studied. The associated
stability of the transition at Ty under magnetic field represents
a key characteristic of itinerant antiferromagnetism, which
is also observed in pure chromium. Consistent with this be-
havior, the magnetization is small and increases essentially
linearly in the field range studied. No dependence on the
cooling history is observed.

For intermediate iron concentrations, such as x = 0.15,
x =0.17, and x = 0.18 shown in Figs. 4(b1)—-4(d4), the broad
maximum in Re yx,. is suppressed under increasing field. Akin
to the situation in zero field, the evolution of the different
characteristic temperatures is tracked in Im yx,.. Here, the sig-
natures associated with 7Tx and 7¢ proof to be highly sensitive
to magnetic fields and are suppressed already above about
2 mT. The maximum associated with the spin freezing at T,
is suppressed at higher field values.

In the magnetization as a function of temperature, shown in
Figs. 4(b3)—4(d3), a branching between different cooling his-
tories may be observed below 7. Compared to data recorded
after field cooling (fc), for which the temperature dependence

of the magnetization is essentially featureless at T, the mag-
netization at low temperatures is reduced for data recorded
after zero-field cooling (zfc) and enhanced for data recorded
after high-field cooling (hfc). Such a history dependence is
typical for spin glasses [89], but also observed in materials
where the orientation and population of domains with a net
magnetic moment plays a role, such as conventional ferromag-
nets.

The spin-glass character below 7; is corroborated by the
field dependence of the magnetization shown in Figs. 4(b4)—
4(d4), which is perfectly consistent with the temperature
dependence. Most notably, in the spin-glass regime at low
temperatures, mictomagnetic behavior is observed, i.e., the
magnetization of the magnetically virgin state obtained after
initial zero-field cooling (red curve) is partly outside the hys-
teresis loop obtained when starting from the field-polarized
state at large fields (blue curves) [44,82]. This peculiar behav-
ior is not observed in ferromagnets and represents a hallmark
of spin glasses [88]. Under increasing x, the coercivity de-
creases while the mictomagnetic deviation of the virgin curve
becomes slightly more pronounced. Note that the absolute
value of the magnetization increases by a factor of two from
x = 0.15 to x = 0.18, compared with an order of magnitude
in the zero-field susceptibility, reflecting changes of correla-
tions as clusters with ferromagnetic order cover an increasing
volume fraction of the sample.

For slightly larger iron concentrations, such as x = 0.22
shown in Figs. 4(el)—4(e4), three maxima at T, Tx, and
Tc are clearly separated. With increasing field, first the
high-temperature maximum associated with 7¢ is suppressed,
followed by the maxima at Tx and T,. The hysteresis loop
at low temperatures is narrower, becoming akin to that of a
conventional soft ferromagnet. For large iron concentrations,
such as x = 0.30 shown in Figs. 4(f1)—4(f4), the evolution of
Re xac, Im x,c, and the magnetization as a function of mag-
netic field consistently corresponds to that of a conventional
soft ferromagnet with a Curie temperature 7¢ of more than
200 K. For the ferromagnetic state observed here, all domains
are aligned in fields exceeding ~50 mT.

D. Neutron depolarization

The neutron depolarization of samples in the compositional
range 0.15 < x < 0.22 was studied to gain further insights on
the microscopic nature of the different magnetic states. For
comparison, similar studies of reentrant spin-glass behavior
have been reported on a wide range of materials [46,90-95].

Figure 5 shows the polarization P of the transmitted neu-
tron beam with respect to the polarization axis of the incoming
neutron beam as a function of temperature. In the presence
of ferromagnetically ordered domains or clusters that are
large enough to induce a Larmor precession of the neutron
spin during its transit, adjacent neutron trajectories pick up
different Larmor phases due to the domain distribution in
the sample. When averaged over the pixel size of the de-
tector, this process results in polarization values below 1,
also referred to as neutron depolarization. For a pedagogical
introduction to the time and space resolution of this technique,
we refer to Refs. [71,96-98].
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FIG. 4. Magnetization and ac susceptibility in magnetic fields up to 250 mT for selected concentrations (increasing from top to bottom).
Triangles mark the temperatures Ty (green), 7, (red), Tc (blue), and Tx (purple). The values shown in all panels correspond to those inferred
from Im y,. in zero field. [(al)—(f1)] Real part of the ac susceptibility Re yx,. as a function of temperature on a logarithmic scale for different
magnetic fields. [(a2)—(f2)] Imaginary part of the ac susceptibility Im y,.. [(a3)-(f3)] Magnetization for three different field histories, namely
high-field cooling (hfc), field cooling (fc), and zero-field cooling (zfc). [(a4)—(f4)] Magnetization as a function of field at a temperature of 2 K
after initial zero-field cooling. Arrows indicate the sweep directions. The scales of the ordinates for all quantities increase from top to bottom.

For x = 0.15, shown in Fig. 5(a), no depolarization is ob-
served. For x = 0.16, shown in Fig. 5(b), a weak decrease of
polarization emerges below a point of inflection at 7o ~ 60 K
(blue triangle). The value of T¢ may be inferred from a fit to
the experimental data as described below and is in reasonable
agreement with the value inferred from the susceptibility. The
partial character of the depolarization, P & 0.96 in the low-
temperature limit, indicates that ferromagnetically ordered
domains of sufficient size occupy only a fraction of the sample
volume. At lower temperatures, a weak additional change of
slope may be attributed to the spin freezing at T, (red triangle).

For x = 0.17, shown in Fig. 5(c), both signatures get more
pronounced. In particular, data recorded after zero-field cool-
ing (zfc) and high-field cooling (hfc) branch below T, akin

to the branching observed in the magnetization. The under-
lying dependence of the microscopic magnetic texture on the
cooling history is typical for a spin glass. Note in this context
that for the samples studied the amount of branching varies
nonmonotonically as a function of increasing x. Such pro-
nounced sample dependence is not uncommon in spin-glass
systems, though the microscopic origin of these irregularities
in Fe,Cr_, remains to be resolved.

When further increasing x, shown in Figs. 5(c)-5(h), the
transition temperature T¢ shifts to larger values and the
depolarization gets more pronounced until essentially reach-
ing P = 0 at low temperatures for x = 0.22. No qualitative
changes are observed around x = 0.19, i.e., the composition
for which the onset of long-range ferromagnetic order was
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FIG. 5. Remaining neutron polarization after transmission
through 0.5 mm of Fe,Cr,_, as a function of temperature for 0.15 <
x < 0.22 (increasing x from top to bottom). Data were measured in
zero magnetic field under increasing temperature following initial
zero-field cooling (zfc) or high-field cooling (hfc). Colored triangles
mark the Curie transition T¢ and the freezing temperature 7,. Orange
lines are fits to the experimental data, see text for details.

reported previously [20]. Instead, the gradual evolution as
a function of x suggests that ferromagnetically ordered do-
mains start to emerge already for x ~ 0.15 and continuously
increase in size and/or number with x. This conjecture is also
consistent with the appearance of faint signatures in the sus-
ceptibility. Since neutron polarization is not recovered below
T,, ferromagnetic clusters large enough to cause neutron depo-
larization remain present in the spin-glass state, characteristic
of a cluster glass as elaborated below. While the recovery

TABLE II. Summary of the Curie temperature 7 and the mean
domain size § in Fe,Cr;_, as inferred from neutron depolarization
studies. Also shown is the magnetization measured at a temperature

of 2 K in a magnetic field of 250 mT, M.

x P (K) 8 (um) My (10°A/m)
0.15 0.70
0.16 61 £ 10 0.61 £ 0.10 0.84
0.17 47 £ 2 2.12 £ 0.15 0.96
0.18 73+ 1 3.17 £ 0.07 1.24
0.19 93 + 1 3.47 £ 0.02 1.64
0.20 84 £ 1 4.67 + 0.03 1.67
0.21 101 + 1 3.52 £ 0.03 2.18
0.22 100 + 1 576 + 0.13 2.27

of neutron polarization at low temperatures would be a clear
indication for reentrant (canonical) spin-glass behavior, it is
by no means a necessary requirement for reentrant behavior
when considering cluster glasses. We note that there are no
signatures related to Tx.

In order to infer quantitative information, the neutron depo-
larization data were fitted using the formalism of Halpern and
Holstein [99]. Here, spin-polarized neutrons are considered
as they are traveling through a sample with randomly oriented
ferromagnet domains. When the rotation of the neutron spin is
small for each domain, i.e., when wt < 27 with the Larmor
frequency wp. and the time required for transiting the domain
t, the temperature dependence of the polarization of the trans-
mitted neutrons may be approximated as

1, ds
P(T) = exp[—§V BO(T)F]' ey

Here, y is the gyromagnetic ratio of the neutron, By(T) is the
temperature-dependent average magnetic flux per domain, d
is the sample thickness along the flight direction, § is the mean
magnetic domain size, and v is the speed of the neutrons. In
mean-field approximation, the temperature dependence of the
magnetic flux per domain is given by

T\?
Bo(T) = M02M02<1 - —) : 2
Tc
where [ is the vacuum permeability, M, is the spontaneous
magnetization in each domain, and 8 is the critical exponent.
In the following, we use the magnetization value measured at
2 K in a magnetic field of 250 mT as an approximation for
M, and set 8 = 0.5, i.e., the textbook value for a mean-field
ferromagnet. Note that M, more than triples when increasing
the iron concentration from x = 0.15 to x = 0.22, as shown
in Table II, suggesting that correlations become increasingly
important.

To account for the smooth onset of depolarization [73,100],
for temperatures above T, the data are fitted by means of a
convolution of Eq. (1) with a Gaussian distribution of char-
acteristic temperatures, yielding the orange lines in Fig. 5
that track the experimental data. The values of the Curie
temperature 7¢ and the mean domain size § inferred from this
fitting procedure are summarized in Table II. These values
of T¢ are typically slightly higher than those inferred from
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FIG. 6. Low-temperature properties of Fe,Cr;_, with x = 0.15.
(a) Specific heat as a function of temperature. Zero-field data (black
curve) and an estimate for the phonon contribution using the Debye
model (gray curve) are shown. Inset: Specific heat at high tempera-
tures approaching the Dulong—Petit limit. (b) Specific heat divided
by temperature. After subtraction of the phonon contribution, mag-
netic contributions at low temperatures are observed (green curve).
(c) Magnetic contribution to the entropy obtained by numerical
integration. (d) Magnetization as a function of field up to £9 T
for different temperatures. (e) Electrical resistivity as a function of
temperature for different applied field values.

the ac susceptibility, cf. Table 1. This shift could be related
to depolarization caused by slow ferromagnetic fluctuations
prevailing at temperatures just above the onset of static mag-
netic order [101,102]. Yet, both values of T¢ are in reasonable
agreement. The relatively broad Gaussian distribution with
standard deviations between 30 K and 40 K suggests that
ferromagnetic correlations gradually emerge from a strongly
fluctuating state even for relatively high values of x. The
mean size of ferromagnetically aligned domains or clusters,
8, increases with increasing x, reflecting the increased density
of iron atoms. As will be shown below, this general trend is
corroborated also by an analysis of the Mydosh parameter
indicating that Fe,Cr;_, transforms from a cluster glass for
small x to a superparamagnet for larger x.

E. Specific heat, high-field magnetometry,
and electrical resistivity

To obtain a complete picture of the low-temperature prop-
erties of Fe,Cr;_,, the magnetic properties at low fields
presented so far were complemented by measurements of the
specific heat, high-field magnetization, and electrical resistiv-
ity on the example of Fe,Cr;_, with x = 0.15 reported in the
following.

The specific heat as a function of temperature measured
in zero magnetic field is shown in Fig. 6(a). At high tem-
peratures, the specific heat approaches the Dulong—Petit limit
of Cpp = 3R = 24.9 Jmol~'K~!, as illustrated in the inset.
With decreasing temperature, the specific heat monotoni-
cally decreases, lacking pronounced anomalies at the different
characteristic temperatures.

The specific heat at high temperatures is dominated by
the phonon contribution that is described well by a Debye
model with a Debye temperature ®&p =460 K, which is
slightly smaller than the values reported for «-iron (477 K)
and chromium (606 K) [103]. As shown in terms of the
specific heat divided by temperature, C/T, in Fig. 6(b), the
subtraction of this phonon contribution from the measured
data highlights the presence of magnetic contributions to the
specific heat below ~30 K (green curve), where the size of
the low-temperature extrapolation is consistent with earlier
reports [104]. As typical for spin-glass systems, no sharp sig-
natures are observed and the total magnetic contribution to the
specific heat is rather small [89]. This finding is substantiated
by the entropy S as calculated by means of extrapolating C/T
to zero temperature and numerically integrating

T
S(T) = / @dﬁ 3)
0

As shown in Fig. 6(c), the magnetic contribution to the en-
tropy released up to 30 K amounts to about 0.04 R In 2, which
corresponds to a small fraction of the total magnetic moment
only.

Insights on the evolution of the magnetic properties under
high magnetic fields may be inferred from the magnetiza-
tion as measured up to £9 T, shown in Fig. 6(d). The
magnetization is unsaturated up to the highest fields studied
and qualitatively unchanged under increasing temperature,
only moderately decreasing in absolute value. The value of
0.22 pupg/f.u. obtained at 2 K and 9 T corresponds to a moment
of 1.46 ug/Fe, i.e., the moment per iron atom in Fe,Cri_;
with x = 0.15 stays below the value of 2.2 ug/Fe observed in
«-iron [105].

Finally, the electrical resistivity as a function of tempera-
ture is shown in Fig. 6(e). As typical for a metal, the resistivity
is of the order of several ten u2 cm. Starting from room tem-
perature, it decreases essentially linearly with temperature.
However, around 60 K, i.e., well above the onset of magnetic
order, a minimum is observed before the resistivity increases
towards low temperatures. Such an incipient divergence of the
resistivity with decreasing temperature due to magnetic impu-
rities is reminiscent of single-ion Kondo systems [106—109].
When magnetic field is applied perpendicular to the current
direction, this low-temperature increase is suppressed and a
point of inflection emerges around 100 K. This sensitivity with
respect to magnetic fields clearly indicates that the additional
scattering at low temperatures is of magnetic origin. Qualita-
tively, the present transport data are in agreement with earlier
reports on Fe,Cri_, for 0 < x < 0.112 [110].

IV. CHARACTERIZATION OF THE SPIN-GLASS
BEHAVIOR

In spin glasses, random site occupancy of magnetic mo-
ments, competing interactions, and geometric frustration lead
to a collective freezing of the magnetic moments below a
freezing temperature T,. The resulting irreversible metastable
magnetic state shares many analogies with structural glasses.
Depending on the densities of magnetic moments, different
types of spin glasses may be distinguished. For small den-
sities, the magnetic properties may be described in terms of
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single magnetic impurities diluted in a nonmagnetic host,
referred to as canonical spin-glass behavior. These systems
are characterized by strong interactions and the cooperative
spin freezing represents a phase transition. For larger densi-
ties, clusters form with local magnetic order and frustration
between neighboring clusters, referred to as cluster-glass be-
havior, developing superparamagnetic characteristics as the
cluster size increases. In these systems, the inter-cluster in-
teractions are rather weak and the spin freezing takes place in
the form of a gradual blocking. When the density of magnetic
moments surpasses the percolation limit, long-range magnetic
order may be expected.

For compositions close to the percolation limit, so-called
reentrant spin-glass behavior may be observed. In such cases,
first a transition from a paramagnetic to a magnetically or-
dered state occurs as a function of decreasing temperature
before a spin-glass state emerges at lower temperatures. As
both the paramagnetic and the spin-glass state lack long-
range magnetic order, the expression “reentrant” alludes to
the disappearance of long-range magnetic order after a finite
temperature interval and consequently the re-emergence of a
state without long-range order [46,47].

The metastable nature of spin glasses manifests itself
in terms of a pronounced history dependence of both
microscopic spin arrangement and macroscopic magnetic
properties, translating into four key experimental observa-
tions; (i) a frequency-dependent shift of the maximum at 7,
in the ac susceptibility, (ii) a broad maximum in the specific
heat located 20% to 40% above T, (iii) a splitting of the
magnetization for different cooling histories, and (iv) a time-
dependent creep of the magnetization [89]. The splitting of
the magnetization and the broad signature in the specific heat
were addressed in Figs. 5 and 6.

In the following, the frequency dependence of the ac sus-
ceptibility will be analyzed by means of three different ways,
namely the Mydosh parameter, power-law fits, and the Vogel—
Fulcher law, permitting to classify the spin-glass behavior in
Fe,Cr|_, and its change as a function of composition.

In the present study, the freezing temperature 7, was in-
ferred from a maximum in the imaginary part of the ac
susceptibility as measured at an excitation frequency of 1 kHz.
However, in a spin glass the temperature below which spin
freezing is observed depends on the excitation frequency f,
as illustrated in Fig. 7 for the example of Fe,Cr;_, with x =
0.15. Under increasing frequency, the imaginary part remains
qualitatively unchanged but increases in absolute size and the
maximum indicating 7 shifts to higher temperatures. Analyz-
ing this shift in turn provides information on the microscopic
nature of the spin-glass behavior.

The first and perhaps most straightforward approach uti-
lizes the empirical Mydosh parameter ¢, defined as

Ty (fi ien \ 17
6= |: ¢ (high) 11| |:ln (fh1gh>] @
T5(fiow) Siow
where Ty(fhign) and Ty(fiow) are the freezing temperatures
as experimentally observed at high and low excitation fre-
quencies, fhigh and fiow, respectively [47,89]. Small shifts

associated with Mydosh parameters below 0.01 are typical
for canonical spin glasses such as Mn,Cu;_,, while cluster
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FIG. 7. Imaginary part of the zero-field ac susceptibility as a
function of temperature for Fe,Cr,_, with x = 0.15 measured at dif-
ferent excitation frequencies f. Analysis of the frequency-dependent
shift of the spin freezing temperature 7, allows to gain insights on
the microscopic nature of the spin-glass state.

glasses exhibit intermediate values up to 0.1. Values exceed-
ing 0.1 suggest superparamagnetic behavior [47,89,111,112].

As summarized in Table III and illustrated in Fig. 8, the
Mydosh parameter in Fe,Cr;_, monotonically increases as a
of function of increasing iron concentration. For small x, the
values are characteristic of cluster-glass behavior, while for
large x they lie well within the regime of superparamagnetic
behavior. This evolution reflects the increase of the mean size
of ferromagnetic clusters as inferred from the analysis of the
neutron depolarization data.

The second approach employs the standard theory for
dynamical scaling near phase transitions to 7, [47,113].

The relaxation time t = ﬁ is expressed in terms of the
power law:
T v
T = 1:0|: () — l:| s (5)
T, (0)

where 7y is the characteristic relaxation time of a single mo-
ment or cluster, 75(0) is the zero-frequency limit of the spin
freezing temperature, and zv is the critical exponent. In the
archetypical canonical spin glass Mn,Cu;_,, one obtains val-
ues such as iy = 10713 s, T,(0) = 27.5K, and zv = 5 [114].
The corresponding analysis is illustrated in Fig. 9(a) for
Fe,Cr|_, with x = 0.15. First the logarithm of the ratio of
relaxation time and characteristic relaxation time, ln(flo), is
plotted as a function of the logarithm of the normalized shift

L) . .
7.00) 1], for a series of esti

mated values of the zero-frequency extrapolation T, geSt(O). For
each value of TgeSI (0) the data are fitted linearly and the good-

ness of fit is compared by means of the R? coefficient, cf. inset
of Fig. 9(a). The best approximation for the zero-frequency
freezing temperature 7,(0) is defined as the temperature of
highest R?. Finally, the characteristic relaxation time 7, and
the critical exponent zv are inferred from a linear fit to the
experimental data using this value 7, (0), as shown in Fig. 9(a)
for Fe,Cr;_, with x = 0.15.

of the freezing temperature, In[
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TABLE III. Parameters inferred from the analysis of the spin-glass behavior in Fe,Cr;_,, namely the Mydosh parameter ¢, the zero-
frequency extrapolation of the spin freezing temperature 7,(0), the characteristic relaxation time 7o, the critical exponent zv, the Vogel-Fulcher
temperature 7y, and the cluster activation energy E,. The errors were determined by means of Gaussian error propagation (¢), the distance of
neighboring data points (7,), and statistical deviations of the linear fits (7o, zv, Ty, and E,).

x ¢ T, (0) (K) 70 (107°5) Zv To (K) E, (K)
0.05

0.10 0.064 + 0.011

0.15 0.080 £ 0.020 9.1 £ 0.1 0.16 &= 0.03 5.0 £ 0.1 8.5 £ 0.1 19.9 £ 0.8
0.16 0.100 £ 0.034 13.4 £ 0.1 1.73 £ 0.15 22 £ 0.0 119 £ 0.1 144 £ 0.3
0.17 0.107 £ 0.068 18.3 £ 0.1 6.13 &+ 1.52 1.5 £ 0.1 163 £ 0.3 12.8 £ 0.9
0.18 0.108 £ 0.081 145 £ 0.1 1.18 £ 0.46 7.0 £ 0.5 169 + 0.5 242 +£ 2.3
0.19 0.120 £ 0.042 142 £ 0.1 0.47 £ 0.15 45 £ 0.2 146 £ 04 163 £ 1.4
0.20 0.125 + 0.043 13.5 £ 0.1 1.29 + 0.34 41 +£02 13.6 = 0.3 18.8 £ 1.3
0.21 0.138 £ 0.048 9.5 £ 0.1 1.67 £ 0.21 4.7 £ 0.1 103 £ 0.4 120 £ 1.3
0.22 0.204 + 0.071 11.7 £ 0.1 2.95 £ 0.80 2.6 £0.1 11.3 £ 04 113 £ 1.2
0.25 0.517 + 0.180 2.8 £ 0.1 75.3 £ 5.34 1.8 £ 0.1

0.30

The same analysis was carried out for all compositions
Fe,Cr,_, featuring spin-glass behavior, yielding the param-
eters summarized in Table III. Characteristic relaxation times

(a) Iron concentration x
I ] I I g
A | ! I ! I} ! \ ! \
~ PM | PM |, PM PM, PM
(0] ! 1 | 1
3 T A A A
© 1 1 [ |
Q '"AFM ' FM 'FM!
£ vooUARMLRMORML
(0] | | | 1
TX
. 3 T ¥
I ] I I
AFM ! SG ! SG :SG: FM
] | | Lo
(b) | ; T '
1 1 1
1 1 1
1 1 1 I
superparamagnet ! Lo
ASS ! I 1
— 1 Il 1
2 ! 1 II 1
[4) ! I 1
§ oaf | ﬁ ﬁ — :
[ 1 1
2 S o |
73] ! | | 1
o ! I 1 1
o cluster glass ) | |
> ! | 1 1
= 1 I | 1
! | 1 1
I Il 1 1
0.01} ! I : : J
canonical spin glass : i I
L I ! ! L

0 0.1 0.2 0.3
Iron concentration x

FIG. 8. Evolution of the Mydosh-parameter in Fe,Cri_,.
(a) Schematic depiction of the five different sequences of mag-
netic regimes observed as a function of temperature for different
x. The following regimes are distinguished: paramagnetic (PM),
antiferromagnetic (AFM), ferromagnetic (FM), spin-glass (SG). An
additional signature in the susceptibility (TX) may be observed be-
tween FM and SG. (b) Mydosh parameter ¢ as a function of the
iron concentration x, allowing to classify the spin-glass behavior as
canonical (¢ < 0.01, gray shading), cluster-glass (0.01 < ¢ < 0.1,
yellow shading), or superparamagnetic (¢ > 0.1, brown shading).

of the order of 1079 s are inferred, i.e., several orders of mag-
nitude larger than those observed in canonical spin glasses and
consistent with the presence of comparably large magnetic
clusters, as may be expected for the large values of x. Note
that these characteristic times are also distinctly larger than the
107'2 s to 1078 s that neutrons require to traverse the magnetic
clusters in the depolarization experiments. Consequently, the
clusters appear quasistatic for the neutron, which in turn is a
prerequisite for the observation of net depolarization across a
macroscopic sample. The critical exponents range from 1.5
to 7.0, i.e,, within the range expected for glassy systems
[111,114]. The lack of systematic evolution of both 7y and
zv as a function of iron concentration x suggests that these
parameters in fact may be rather sensitive to details of mi-
croscopic structure, potentially varying substantially between
individual samples. In a similar analysis on thin films, dis-
tinctly shorter relaxation times were observed [45], which
may be associated with smaller clusters due to the reduced
dimensionality.

The third approach uses the Vogel-Fulcher law, developed
to describe the viscosity of supercooled liquids and glasses, to
interpret the properties around the spin freezing temperature
T, [47,111,115-117]. Calculating the characteristic frequency
fo = 52— from the characteristic relaxation time 7y as de-

T 2ny N
termined above, the Vogel-Fulcher law for the excitation

frequency f reads
E,
: (6)

ksl (f) — Tol

where kg is the Boltzmann constant, £, is the activation en-
ergy for aligning a magnetic cluster by the applied field, and 7
is the Vogel-Fulcher temperature providing a measure of the
strength of the cluster interactions. As a point of reference, it
is interesting to note that values such as E,/kg = 11.8 K and
To = 26.9 K are observed in the archetypical canonical spin
glass Mn,Cu;_, [114].

For each composition Fe,Cr_,, the spin freezing temper-
ature T,(f) was plotted as a function of the inverse of the
logarithm of the ratio of characteristic frequency and excita-

f=foexp{
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FIG. 9. Analysis of spin-glass behavior using power-law fits and
the Vogel-Fulcher law for Fe,Cr,_, with x = 0.15. (a) Logarithm
of the relaxation time as a function of the logarithm of the normal-
ized shift of the freezing temperature. The red line is a power-law
fit allowing to infer the characteristic relaxation time 7y and the
critical exponent zv. Inset: Goodness of fit for different estimated
zero-frequency extrapolations of the freezing temperature, T;“(O).
The value 7,(0) used in the main panel is defined as the temperature
of highest R?. (b) Spin freezing temperature as a function of the
inverse of the logarithm of the ratio of characteristic frequency and
excitation frequency. The red line is a fit according to the Vogel-
Fulcher law allowing to infer the cluster activation energy E, and the
Vogel-Fulcher temperature T;.

tion frequency, m, as shown in Fig. 9(b) for Fe,Cr;_,
with x = 0.15. A linear fit to the experimental data allows
to infer E, and 7y from the slope and the intercept. The

corresponding values for all compositions Fe,Cr;_, featuring
spin-glass behavior are summarized in Table III. All values
of Ty and E, are of the order 10 K and positive, indicating
the presence of strongly correlated clusters [117-119]. Both
To and E, follow roughly the evolution of the spin freezing
temperature T, reaching their maximum values around x =
0.17 or x = 0.18.

V. CONCLUSIONS

In summary, a comprehensive study of the magnetic prop-
erties of polycrystalline Fe,Cr;_, in the composition range
0.05 < x < 0.30 was carried out by means of x-ray powder
diffraction as well as measurements of the magnetization, ac
susceptibility, and neutron depolarization, complemented by
specific heat and electrical resistivity data forx = 0.15. As our
central result, we present a detailed composition—-temperature
phase diagram reminiscent of that inferred by Burke and
coworkers [11,20,21], though adding further insights on the
nature of the spin-glass behavior based on the combination of
a large number of quantities.

Under increasing iron concentration x, antiferromagnetic
order akin to pure Cr is suppressed above x = (.15, followed
by the emergence of weak magnetic order developing distinct
ferromagnetic character above x = 0.18. At low temperatures,
a wide dome of spin-glass behavior is observed for 0.10 <
x < 0.25. Analysis of the neutron depolarization data and the
frequency-dependent shift in the ac susceptibility indicate that
with increasing x the size of ferromagnetically ordered clus-
ters increases and that the character of the spin-glass behavior
changes from a cluster glass to a superparamagnet.
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