PHYSICAL REVIEW B 88, 024409 (2013)

Muon spin relaxation study of spin-glass freezing in the Heusler compound Ru, ¢Fe, ; CrSi

Masahiko Hiroi,"" Toru Hisamatsu,' Takao Suzuki,>* Kazuki Ohishi,* Yasuyuki Ishii,** and Isao Watanabe®
' Department of Physics and Astronomy, Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065, Japan
2Faculty of Engineering, Shibaura Institute of Technology, Saitama 337-8570, Japan
3Advanced Meson Science Laboratory, RIKEN Nishina Center for Accelerator-Based Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

4CROSS, JAEA, 162-1 Shirakata, Tokai, Naka, Ibaraki 319-1106, Japan
3Department of Physics, Tokyo Medical University, 6-1-1 Shinjuku, Tokyo 160-8402, Japan
(Received 7 October 2010; revised manuscript received 15 May 2011; published 12 July 2013)

In the temperature dependence of magnetization, the Heusler compound Ru, gFe( ; CrSi exhibits a peak at a
temperature which is defined as T,. Below that temperature strong irreversibility occurs, the onset temperature
of which is defined as T,. However, no evidence of long-range order has been found. In this study the magnetic
properties of these anomalies were investigated using zero-field (ZF) and longitudinal-magnetic-field (LF)
muon-spin-relaxation («SR) measurements. In the temperature dependence of the relaxation rate of ZF-uSR,
a peak at ~16 K was observed, which agrees with 7,. LF-uSR measurements as a function of magnetic field
reveal the existence of a static internal magnetic field at 0.3 K. Around Ty ~ 30 K, we detected no anomalies
that can be associated with a magnetic phase transition in the temperature dependence of the relaxation rate
of uSR, but a large decrease in the initial asymmetry was observed. LF-uSR measurements suggest that the
internal magnetic field appears even around Ty. These results suggest that around 7 independent spin-frozen
regions form inhomogeneously. With decreasing temperature these regions gradually develop, and eventually, at
T, spin-glass freezing occurs with correlations over the whole sample.
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I. INTRODUCTION

Heusler compounds have the formula X,YZ, where X
and Y are transition elements and Z is an sp element, and
they have a cubic L2; structure. Recently, these compounds
have attracted growing interest because of their potential use
as half metals,' ferromagnetic shape memory alloys, and
thermoelectric materials. Half metals are ferromagnetic metals
with conduction electrons that are 100% spin polarized. Ishida
et al. predicted that the Heusler compound Co,MnZ (Z = Si
or Ge) would be a half metal through a first-principles band
structure calculation.*> However, the realization of high spin
polarization in Heusler compounds has been difficult because
disorder in the crystals is believed to reduce spin polarization.
To overcome this difficulty Heusler compounds Ru,_, Fe, CrSi
were theoretically proposed to be complete or nearly complete
half metals that are robust to chemical disorders.®’” Motivated
by this work, we prepared samples of Ru,_,Fe,CrSi and
found that those for x > 0.5 were ferromagnetic and that
the Curie temperature for x = 1.5 was much higher than
room temperature.’ These results reveal that the Fe-rich
Ru,_,Fe,CrSi (x ~ 2) is a promising candidate as a material
that has high spin polarization and is robust to disorder.
Recently, we have found from magnetic-susceptibility and
specific-heat measurements'®!! that Ru,CrSi exhibits an
antiferromagnetic transition at 7y = 13 K. For the analogous
compound Ru,CrGe an antiferromagnetic order has already
been found;'>* in particular the neutron-diffraction measure-
ments revealed an antiferromagnetic structure in which the
magnetic moment is carried by the Cr atoms.'® A theoretical
calculation also shows the stability of antiferromagnetism in
Ru,CrSi.o 1

Thus, competition between ferromagnetism and antiferro-
magnetism is expected for Ru-rich Ru,_,Fe,CrSi, although
magnetic frustration in Heusler compounds has not received
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much attention. In RujoFey;CrSi ferromagnetic order is
absent, while a peak in the temperature dependence of
magnetization M(7T) appears at ~30 K, which is defined
as Tl\’;.g At first, this peak was assumed to indicate an
antiferromagnetic transition because a peak in M(T) was
observed at Ty in Ru,CrSi.'®!! However, in the electrical
resistivity” and the specific heat,'®!” anomalies that indicate a
phase transition were not found. Meanwhile, at temperatures
below T, a separation was found between M(T) measured
in a zero-field-cooling process (ZFC) and in a field-cooling
process (FC). This suggests the formation of a spin-glass (SG)
state. Furthermore, the separation increased rapidly from a
temperature lower than 7.'® This temperature was regarded as
the onset of (strong) irreversibility, which is defined as T,. We
found that T and T, had different magnetic field dependences.
Although T, depends on the magnetic field H, Ty changes only
slightly with H. We estimated 7, at H = 0 to be ~15 K by
extrapolating T, observed in magnetic fields to H = 0. A broad
peak in the magnetic specific heat divided by temperature
Cu(T)/T occurred around T, which suggests a conventional
SG transition, whereas T2 dependence of the specific heat has
been observed at temperatures below T;'” this differs from the
linear T dependence observed in conventional SG states. These
observations suggest the absence of an antiferromagnetic
transition at 7y and the appearance of unconventional SG
states.

In previous papers,'®!” the anomalies at 7, and Ty
were interpreted as successive SG transitions. Theories of a
Heisenberg SG model predict successive SG transitions in
the presence of a magnetic field. As temperature decreases
from the paramagnetic phase, the freezing of spin components
transverse to the magnetic field occurs first; this boundary is
called a Gabay-Toulouse (GT) transition.'®!° As temperature
decreases further, the freezing of components longitudinal
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to the field occurs; this is the de Almeida—Thouless (AT)
transition.’’ The observed magnetic phase diagram of the
boundaries T, and Ty, for Ru; 9Fep ;CrSi seems to be qualita-
tively described by AT and GT transitions. In other materials,
observations of similar magnetic phase diagrams®'*> and
characteristic irreversibilities in M(T),>>** such as found in
Ru,; gFeq ; CrSi, have been reported and interpreted in terms of
successive SG transitions.

To our knowledge, successive SG transitions have not been
confirmed by microscopic probes. Therefore the origins of the
magnetic phase diagram and the characteristic irreversibility in
M (T) have not been clarified. So far, microscopic information
on Ru;gFe(CrSi is lacking, and thus the origins of the
anomalies in M(T) are not fully understood. Therefore we
have performed zero-field (ZF) and longitudinal-field (LF)
muon-spin-relaxation (4 SR) measurements to clarify whether
or not the anomalies indicate a phase transition and to reveal
the nature of the magnetic states at low temperature.

II. EXPERIMENTS

A polycrystalline ingot of Ru; gFey ; CrSi was prepared by
arc melting. The crystal structure was confirmed to be L2,
by x-ray diffraction, and the lattice constant was found to
be 0.588 nm. The crystal structure and the crystallographic
data are shown in Ref. 16. Measurements of uSR were
carried out at the RIKEN-RAL Muon Facility?® using a spin-
polarized single-pulse positive surface muon (1) beam with
a momentum of 27 MeV/c. A few samples were cut from the
ingot and mounted on a high-purity silver plate with Apiezon
N grease. In uSR measurements, spin-polarized muons are
implanted into samples. The muon spin depolarization due to
internal fields at the muon sites is described by the asymmetry
Ap(?), defined as follows:

F(t) — aB(t)
F(t)+aB(t)
Here F(t) and B(t) are the total muon events counted by the
forward and backward counters at time 7, respectively, and «
is a calibration factor reflecting relative counting efficiencies

between the forward and backward counters. Temperature was
controlled using a “He and a *He Oxford cryostat.

Ag(t) = (1)

III. RESULTS AND DISCUSSION

Figure 1 shows the ZF-uSR time spectra of Ru; gFeg | CrSi
at temperatures between 4.3 and 50 K. The time spectra for
T > 40 K are well fitted with a single exponential function. At
lower temperatures a fast relaxation component appears, and
the loss of the initial asymmetry is seen. The spectra below
40 K can be expressed as

Ao(t) = A exp(—Ait) + Az exp(—Aat). 2)

The first and second terms represent the fast and the slow
relaxation components, respectively, and A; and A, are the
muon-spin-relaxation rates for each component. The initial
asymmetry Ao is Ag(t) at t =0: Ag=A; + A,. In the
analysis, A; and ; (i = 1,2) are fitting parameters. The time
spectra are well fitted with Eq. (2), as shown in Fig. 1.
The temperature dependences of Ay and A, in ZF-uSR
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FIG. 1. (Color online) ZF-u SR time spectra of Ru; gFe, ;CrSi at
various temperatures. Solid lines are fits to Eq. (2).

are shown in Fig. 2(a). With decreasing temperature Ag
decreases and becomes smallest around 12 K. With further
decreasing temperature the tails of the spectra shift upward.
In general, when a static internal magnetic field develops,
1/3 of the polarization of the muon spins remains owing
to the component of the static internal field parallel to the
initial muon spin direction; this leads to the slow relaxation
tail with the 1/3 value of the asymmetry. Consequently, the
observed upward shift can be interpreted as a recovery to the
1/3 tail and suggests the development of a static internal field at
low temperatures. This is confirmed by LF-uSR, as explained
below. Figure 2(b) shows the temperature dependence of the
muon-spin-relaxation rates A; and X, in ZF-uSR in Eq. (2).
Both A and X, show a maximum at ~16 K. This suggests that
spin freezing occurs at ~16 K.

To investigate whether or not a static internal magnetic field
develops, LF-uSR measurements were carried out at 0.3 K for
different values of the longitudinal magnetic field Hyg, up to
3950 Oe. The time spectra of LF-uSR at 0.3 K are shown
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FIG. 2. (a) Temperature dependence of the initial asymmetry
Ao = A, + A, and A, in ZF-uSR. (b) Temperature dependence of
the relaxation rates A; (left vertical axis, open circles) and A, (right
vertical axis, solid circles) in Eq. (2) for ZF-uSR. Solid lines are
guides to the eye.
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FIG. 3. (Color online) LF-SR time spectra for various longitu-
dinal magnetic fields at 0.3 K. Solid lines are fitted results.

in Fig. 3. The time spectra are well fitted with Eq. (2). The
long tails of the time spectra following fast relaxation increase
with increasing Hyp. This is typical behavior in the presence
of a static internal magnetic field at the muon sites Hi,.>°
In general, implanted muon spins precess around the total
magnetic field of the internal and external fields at the muon
sites. The increasing external longitudinal field decouples the
muon spins from the internal field, which leads to the upward
shift of the long horizontal tails of the time spectra. Hjy is
estimated using the following equation:

A 3 1 (x?—1)?

T4 4x? 16x3

(x + 1)?
n s
(x —1)?

3

where x = Hyg/Hiy (Refs. 27-30) and A is the residual
asymmetry left after a long time. We consider the Hip
dependence of Ay torepresent A in this case, as seenin Fig. 3.
The Hir dependence of Aj at 0.3 K is plotted in Fig. 4. The
solid line shown in Fig. 4 is the best fit obtained using Eq. (3)
after applying corrections for instrument backgrounds. We
evaluated the value of Hj, to be approximately 1308 £ 50 Oe.

T T T
L RullgFeol]CrSi
LF-uSR
08F-7=03K .

FIG. 4. Dependence of the initial asymmetry A, on the longitudi-
nal field Hy r at 0.3 K for LF-uSR. A observed in zero field is plotted
at H g = 1 Oe. The best fit obtained using Eq. (3) is shown by the
solid line. The static internal field is evaluated to be approximately
1308 £ 50 Oe.
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This value is probably an underestimate because the data are
limited to Hy g = 3950 Oe.

The results of LF-uSR explained above demonstrate the
presence of a static internal magnetic field at low temperatures.
The maxima in the relaxation rates were observed at ~16 K.
This suggests that spin freezing or a phase transition occurs
at this temperature, which almost coincides with 7, estimated
from M(T). However, a discontinuity in specific heat, indi-
cating a phase transition to long-range order, was not found
around this temperature or at any other temperature. Instead, a
broad peak in C,,(T)/ T was found around this temperature.'’
When these results are considered together, we conclude that
SG freezing occurs at T.

However, although a peak in magnetic susceptibility was
found at Ty, ~ 30 K, the result for the specific heat indicates
that there is no phase transition to long-range order. As seen in
Fig. 2, in the ZF-SR results around T, an anomaly indicating
a phase transition seems to be absent in the relaxation rates,
whereas a large but rather gradual decrease appears in the
initial asymmetry. To investigate in more detail whether or not
there is a magnetic transition around 7, we performed uSR
measurements between 10 and 60 K in a longitudinal field of
100 Oe; this field was applied to decouple the nuclear spin
contribution and to extract the effects of electron spins.

Figure 5 shows the time spectraat H g = 100 Oe for various
temperatures. The time spectra are well fitted with Eq. (2). The
temperature dependences of the initial asymmetry Ay and A,
at Hy g = 100 Oe are shown in Fig. 6(a). The temperature
dependences of A; and A, at Hrp = 100 Oe are shown in
Fig. 6(b). The tendencies in the temperature dependences of
A1 and A, are similar. Both A and A, are almost constant above
~40 K, and with decreasing temperature from 40 to 20 K, they
increase gradually. Freezing is considered to occur at ~15 K
because 7, at 100 Oe seems to be at most ~0.5 K lower than
T, at 0 Oe. We also notice that Ty at 100 Oe is practically
the same temperature as T at 0 Oe.'® In these results, as in
ZF-uSR, we did not find an anomaly in the relaxation rates that
could be associated with a magnetic phase transition around
Ty, whereas a decrease in the initial asymmetry was observed.
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FIG. 5. (Color online) Time spectra of SR at H g = 100 Oe at
various temperatures. Solid lines are fitted results.
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FIG. 6. (a) Temperature dependence of the initial asymmetry
Ao = A, + Ay and A, at H g = 100 Oe. (b) Temperature dependence
of the relaxation rates A; (left vertical axis, open circles) and A, (right
vertical axis, solid circles) in Eq. (2) in H g = 100 Oe. Solid lines
are guides to the eye.

To investigate the origin of the large decrease in the
initial asymmetry below ~40 K and the characteristics of the
magnetic state between T, and ~T;, we performed LF-uSR
measurements as a function of magnetic field at temperatures
between 8 and 40 K. Representative time spectra at 25 K are
shown in Fig. 7. Those spectra are well fitted with Eq. (2),
except for those at 40 K, which are well fitted with a single
exponential function. The time spectra change with Hyg. In the
presence of a static field A, is expected to change with Hip in
the manner of A, in Eq. (3), and thus the Hyr dependence of
A, is analyzed using Eq. (3), as shown in Fig. 8. In Fig. 8 it
appears that, at temperatures below 30 K, A, increases from
approximately the same field as at 0.3 K, as shown in Fig. 4.
This analysis suggests that a static field arises at the muon site
from temperatures higher than 7y ~ 30 K, and below ~30 K
the value of the static field does not change much.
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FIG. 7. (Color online) Representative LF-uSR time spectra at
25 K for longitudinal magnetic fields of 10, 1500, and 3950 Oe. Solid
lines are fitted results.
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FIG. 8. Dependence of the asymmetry of the slow relaxation
component in Eq. (2), A,, on the longitudinal field Hy g for LF-u SR at
8, 25, and 30 K. The best fits obtained using Eq. (3) are shown by the
solid lines. A static internal field appears to arise even around 30 K.

The relaxation rates of £SR showed no anomaly that would
indicate a phase transition at 7. However, from ~40 K, which
is higher than T, we observed an increase in the relaxation
rates and a large but gradual decrease in the initial asymmetry
for ZF-uSR and LF-uSR at Hi g = 100 Oe. Moreover, the
LF-uSR measurements as a function of magnetic field at
temperatures below 40 K suggest that internal fields as large
as those at low temperatures arise even from ~Ty; these
internal fields are independent of temperature. These results
indicate an inhomogeneous magnetic state.?' From ~40 K the
formation of independent spin-frozen regions begins. These
static regions extend gradually as temperature decreases.
This causes the observed decrease in the initial asymmetry
because the loss in the initial asymmetry approximately
corresponds to the volume fraction of regions with a static
field. With decreasing temperature the correlation between
static regions becomes larger, and eventually a spin-frozen
state with correlations over the whole sample is formed at
~T,, which we have regarded as SG freezing.

Note that inhomogeneous magnetic states that emerge prior
to freezing or a phase transition are sometimes considered.
The appearance of inhomogeneous magnetic states prior
to ferromagnetism have been discussed in frustrated and
disordered materials.>>=3* Furthermore, in bilayer manganite
without long-range order, an inhomogeneous magnetic state
prior to spin freezing was reported in a SR measurement.®

Then we consider the relation of the above interpretation
to the successive SG transitions. We have concluded that
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below ~T5 an inhomogeneous magnetic state is realized. If
the spin components transverse to the magnetic field freeze
first inhomogeneously, this freezing might be seen as the GT
transition. Then if the remaining spin freedom freezes at a
still lower temperature, T,, this process can be regarded as
successive SG transitions. The present results seem consistent
with this interpretation. However, in our results the change
around Ty proceeds gradually and appears like a crossover,
whereas the freezing at T, appears more like a transition. This
differs from the theoretically proposed AT and GT transitions,
in which the GT transition is described as a phase transition
and the AT transition as a crossover.

IV. CONCLUSIONS

For Ru;g¢FepCrSi we found a peak-type anomaly at
Ty ~ 30 K and an irreversibility-type anomaly at 7, ~ 16 K

PHYSICAL REVIEW B 88, 024409 (2013)

in M(T) measurements and the absence of long-range
order from specific-heat measurements. In this study we
investigated magnetic properties of Ru;gFe;CrSi by uSR
measurements. From the ZF- and LF-u SR studies we obtained
clear evidence for spin freezing at T,. At T, the onset of
a strong irreversibility in M(T) and, in addition, a broad
peak in C,(T)/T were found. From these characteristics
we concluded that SG freezing occurs at 7,. Around Ty no
indication of a phase transition or spin freezing was found,
but the appearance of an inhomogeneous magnetic state was
suggested.
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