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High magnetic field properties in Ru,_,Fe,CrSi with antiferromagnetic and spin-glass states
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We report experimental studies on Ru,_,Fe,CrSi focusing on properties related to antiferromagnetism in
Ru,CrSi and spin glass (SG) in Ru, gFe(;CrSi. By measuring the temperature dependence of magnetization
M (T), specific heat C(T), electrical resistivity p(T"), and muon spin relaxation (uSR), we observed that Ru,CrSi
exhibited an antiferromagnetic (AF) transition at a temperature 7y of ~13 K, and Ru,; ¢Fe( ;CrSi showed SG
properties that could be interpreted as successive SG transitions, where the spin-freezing occurred at temperature
T,, and below that strong irreversibility in M(T) and a gradual peak of M(T) at T* (>T,) appeared. When the
data for 0 < x < 0.1 were compared, by substituting Fe the AF order was rapidly destroyed and it appeared to
change to two anomalies at 7* and 7,. With increasing x, there was a slight change in 7, from Ty for x = 0;
however, T* increased, suggesting that the AF and the SG states are closely related. Furthermore, the results of
specific heat, resistivity, and magnetization in high fields were presented and compared. For Ru,CrSi in specific
heat under high magnetic fields up to 14 T, the peak shape around 7y and the Ty value were constant. The
resistivity and magnetization in pulsed fields suggested that 7y of Ru,CrSi was constant up to over 50 T. These
results demonstrated the unusual robustness of the AF transition to magnetic fields. In Ru, gFe( ; CrSi, unusual
hysteresis in magnetoresistance was observed in static and pulsed magnetic fields, although their appearances
differed. These hystereses were considered a manifestation of the curious properties of the SG state with strong

irreversibility.

DOI: 10.1103/PhysRevB.103.094428

I. INTRODUCTION

Half-metals are ferromagnetic metals with a density of
states in only one spin channel, and there is a gap in the
other spin channel at the Fermi energy, implying 100%
spin-polarized conduction electrons [1-3]. Some Heusler
compounds are considered half-metals [1,3], and this is partly
why Heusler compounds have become a research hot spot
recently. They have a chemical formula of X,Y Z, where X and
Y are transition metal elements, and Z is an sp element. The
structure is such that four fcc lattices comprising each element
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penetrate each other. A band-structure calculation predicted
that the Heusler compound Ru,_,Fe,CrSi is a complete or a
nearly complete half-metal that is robust to chemical disorder
for a wide range of x [4]. We have studied the properties of the
Heusler compounds Ru,_,Fe,CrSi experimentally: observ-
ably, the Fe-rich compounds are ferromagnetic and half-metal
candidates [5,6]. Meanwhile, the Ru-rich compounds are also
important. The end compound Ru,CrSi showed an antifer-
romagnetic (AF) transition at Ty ~ 13 K indicated by the
peak of the temperature dependence of magnetization M(T)
and that of the specific heat C(T) [7,8]. In the temperature
dependence of the electrical resistivity p(7") of Ru,CrSi, a dip
was observed at Ty. From the p(T ) measurement for different
values of magnetic field B up to 14.5 T, Ty was found to
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hardly depend on B, conforming to M (7T ) measurements for
different B below 7 T [8]. These facts demonstrated that the
low-temperature phase of Ru,CrSi is an AF state, although no
microscopic evidence exists for the AF order yet. Meanwhile,
Ru,_,Fe,CrGe was revealed to be almost magnetically iden-
tical to Ru,_,Fe,CrSi [9], and in Ru,CrGe, an AF order was
confirmed by a neutron diffraction measurement [10]. While
a band-structure calculation in Ru,_,Fe,CrSi showed that the
half-metallic state, which is in principle a ferromagnetic state,
was predicted for a wide range of x, antiferromagnetic states
are energetically more favorable than the ferromagnetic state
for small x.

Although the Ru-rich compound Ru; gFe( ; CrSi showed a
peak in M(T') around 30 K, where the temperature is referred
to as T*, this peak indicated no AF transition, contrary to
the case in Ru,CrSi. In specific heat, no anomaly or jump
was detected, indicating that a phase transition did not oc-
cur [11,12]. According to our muon spin relaxation («SR)
study, around 7%, a gradual formation of an inhomogeneous
magnetic state comprising small spin-frozen regions started
[13], and spin freezing occurred at a lower temperature of
~15 K. Moreover, a clear kink in M(T) was observed in a
zero-field cooling (ZFC) process, which means that below
this temperature, irreversibility in M (T ), that is, the difference
in M(T) between a ZFC and a field-cooling (FC) process,
is enhanced. This temperature is defined as 7,. Although T,
depends rather largely on magnetic fields in the low-field
region, its value extrapolated to B = 0 is ~15 K, which agrees
with the spin-freezing temperature found by uSR. So, it is
considered that at T, spin-freezing occurs, and below T, strong
irreversibility appears. Nevertheless, irreversibility in M(T)
between ZFC and FC begins at higher temperature around 7*
and is called weak irreversibility. These results are regarded as
spin-glass (SG) behavior characterized by spin-freezing and
an inhomogeneous magnetic state. This SG behavior inter-
preted as successive SG transitions has been reported [11],
and it needs to be investigated further.

Transport properties of Ru,CrSi and Ru; gFe  CrSi in high
magnetic fields are also important. In p(7") of Ru,CrSi a clear
kink was observed at Ty for different B up to 14.5 T. These
data imply that Ty is hardly changed by a magnetic field
up to 14.5 T [8]. Conversely, Ru; gFe( ;CrSi exhibits semi-
conducting behavior in p(7), namely a monotonic increase
with a decrease in temperature, and no anomaly indicating
transitions. This behavior differs from the metallic behavior
of the Fe-rich compounds or the characteristic temperature
dependence of Ru,CrSi. In a magnetic field, negative magne-
toresistance (MR) was observed [11,14]. These results imply
that only a small amount of Fe substitution has a consider-
able effect on the magnetic and magnetotransport properties.
Also in Rup_,Fe,CrSi (x = 0.3 and 0.5), negative MR was
observed.

Therefore, in this study, magnetization, specific heat, mag-
netoresistance, and muon spin relaxation experiments were
conducted to explore the relationship between the AF state
of Ru,CrSi and the SG state of Ruj 9oFe( ;CrSi. Then, we in-
vestigated their magnetization and electrical resistivity under
high magnetic field using static and pulsed fields, focusing on
the change in Ty of Ru,CrSi in a high field and the hysteresis
in MR in Ru; ¢Fey ; CrSi.

II. EXPERIMENTS

Polycrystalline samples of Ru,_,Fe,CrSi (0 < x < 0.5)
were prepared by arc-melting high-purity constituent ele-
ments under a high-purity argon atmosphere. Nominal Fe
concentration x shows the amount at the preparation. Al-
though for low x it might not be very correct, the properties
show a reasonable systematic dependence on x. Crystal
structures were examined using x-ray powder diffraction mea-
surements with Cu Ko radiation. We confirmed that the
prepared samples were practically single phase, although a
few extra peaks were observed in samples with small x (<
0.01). The crystal structure, x-ray diffraction patterns, and the
lattice constants for x = 0 and 0.1 < x < 1.8 are depicted in
[11,15]. The lattice constant of Ru,CrSi was 0.588 nm [15],
and the lattice constants for 0 < x < 0.1 as a function of x
were interpolated. Magnetization and magnetoresistance were
measured using commercial measurement systems (MPMS
and PPMS; Quantum Design). High-field magnetization was
measured by the induction method using a standard pick-up
coil in pulsed magnetic fields. Pulsed magnetic fields up to
72 T were generated with a duration time of several millisec-
onds (ms) using nondestructive magnets. The absolute value
was calibrated by comparing the data with the magnetization
below 7 T measured using MPMS. High-field magnetoresis-
tance up to ~55 T was measured using the usual four-probe
method with a pulsed magnetic field of a duration time of
several tens of ms. High-field magnetoresistance was also
measured under static magnetic fields using superconducting
magnets up to 18 T and a 3He cryostat. Specific heat was
measured by the usual adiabatic method at O T and the re-
laxation method in a magnetic field up to 14 T using a PPMS.
Measurements of uSR were performed at the RIKEN-RAL
Muon Facility [16] using a spin-polarized single-pulse posi-
tive surface muon () beam with a momentum of 27 MeV /c.

III. RESULTS
A. Magnetization and resistivity of Ru,_,Fe,CrSi (0 <x < 0.1)

First, we describe the basic properties such as magne-
tization and resistivity of Ru,_,Fe,CrSi, focusing on the
compounds with 0 < x < 0.1. The comprehensive studies in-
cluding larger x [5,6,9,11] and a preliminary study for 0 <
x < 0.1 [7] have been reported. Figure 1(a) shows M(T) for
0<x<0.05atB=1T. InM(T) measurement for 0 < x <
0.1, essentially the same behavior as for x = 0.1 was ob-
served: the peak in M(T') at T* and a kink in M (T ) for ZFC at
T,, below which M decreases rapidly, and thus the irreversibil-
ity between ZFC and FC is enhanced. Forx = 0.1, T, is ~6 K
and T*is ~30 K at B = 1 T, as reported [11]. With a decrease
in x, T, appears constant, whereas 7* decreases and appears to
tend to ~13 K, which is Ty for x = 0 [Fig. 1(a)]. Notably, with
the increase in x, the magnitudes of M and 7* increase. From
the B — T phase diagram (shown later), for x = 0.1 and 0.02,
T, depends on B rather largely in the low-B region [7,11], and
it appears to approach ~15 K to the low-field limit (B — 0),
while T* slightly depends on magnetic field. Although for
x = 0 the peak of M(T) at ~13 K exhibits the AF transition,
the peak is small. The temperature dependence of M (T') up to
room temperature is weak, and it causes a large negative Weiss
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FIG. 1. (a) Temperature dependence of the magnetization M (T)

at a magnetic field of 1 T of Ru,_,Fe,CrSi (0 < x < 0.05). Irre-

versibility between zero-field cooling (ZFC) and field cooling (FC) is

observed. (b) Typical temperature dependences of the resistivity nor-
malized by that at 300 K, o(T")/ p300 of Ru,_,Fe,CrSi (0 < x < 0.3).

temperature of —945 K, which is considered to indicate large
frustration in the magnetic interactions [15], which probably
causes the small and less conspicuous peak in M(T) at Ty.
Additionally, T* and T, become close for x >~ 0, and M(T)
even for x = 0 shows a slight irreversibility. For these reasons,
it is difficult to clearly differentiate the behavior of M(T') for
x = 0and low x (< 0.01).

Figure 1(b) shows typical temperature dependences of the
resistivity normalized at 300 K, o(T)/p300 of Ru,_,Fe,CrSi
(0 < x < 0.3). They show basically semiconducting behavior,
that is, p(T) increases with a decrease in T, in contrast to
metallic behavior for larger x [6,11]. For x =0, a dip that
indicated the AF transition (at Ty) was observed, and below
the dip temperature, the increase in p(7) with a decrease in
temperature was suppressed. For x = 0.01, a slight Fe sub-
stitution canceled the dip in p(7T), and an increase in p(T)
toward T = 0 was detected, similar to x = 0.1. We observed
the absence of the dip in p(T") even for x = 0.005, demon-
strating that only a slight Fe substitution destroyed the AF
order, although it appeared unclear in M (7). Nevertheless,
a suppressed increase in p(7') below ~10 K was observed
for x = 0.01, which might reflect an AF correlation devel-
opment observed similarly in the specific heat (as described
later). For x = 0.1, a monotonic increase was observed in
p(T) toward low temperature without an anomaly indicating
a transition, and it showed an almost perfect In 7 dependence

for a wide temperature range from 1.5 to 300 K [14,17]. How-
ever, whether the In 7 dependence is accidental is unclear.
For x = 0.3 the temperature dependence becomes weaker, and
the magnitude of p decreases toward metallicity. The main
origin of semiconducting behavior for small x is probably the
decrease in the carriers, though it is not thermally activated
behavior. By considering the magnetoresistance results de-
scribed later, randomness and magnetic scattering caused by
Fe yield this semiconducting behavior, and the AF correlation
complicates the behavior.

B. Specific heat

Figure 2(a) shows the specific heat C(7T") of Ru,_,Fe,CrSi
(x =0, 0.01, and 0.1). Some C(T) data up to x = 0.5 have
been reported [7,11,12], and the present data are analyzed
similarly. Specific heat comprised three components: the lat-
tice specific heat Cj, electronic specific heat C,, and magnetic
specific heat C,,. As described in [12], the lattice contributions
in a low-temperature region for 7 < 100 K were estimated
from Rug 4Fe; ¢CrSi with a relatively high Curie temperature
Te of 500 K, implying that C, was small enough at tem-
peratures far below T, and the assumption that the lattice
contribution slightly depended on x was reasonable. The es-
timated C;(T') is displayed by the dotted line in Fig. 2(a),
having the Debye form of a 73 dependence at low tempera-
tures with a Debye temperature of 496 K. As explained later,
the remained specific heat obtained by subtracting the lattice
contribution was considered magnetic specific heat C,(T")
[= C(T) — C;(T)], as shown in Fig. 2(b) in the form of C,,/T
versus 7. The inset shows an enlarged view of this at low
temperatures. This shows that C,,/T is proportional to 7" and
the extrapolation to 0 K intersects the origin, that is, C(T) has
no linear T term and is proportional to 7?2 at low tempera-
tures. The former shows no electronic contribution in these
compounds within the experimental resolutions, and this con-
forms to not-metallic behavior of these compounds. Note that
the linear 7' contribution was observed for x = 0.3 and 0.5,
regarded as C,, and reflected increasing metallicity with an
increase in x [6,11,12]. Consequently, we can see that in C(T')
of these compounds there is no electronic contribution, and
the remaining specific heat obtained by subtracting the lattice
contribution can be attributed to a magnetic contribution.

Even though the peak in M(T') at Ty for x = 0 is less con-
spicuous, a clear peak in C(T') is observed at 13 K [Fig. 2(a)],
which is firm evidence of a thermodynamic transition. Al-
though the sharpness and the magnitude of the peaks are
slightly dependent on samples, a clear peak is observed at
13 K for all measured samples [Fig. 3(a)]. Meanwhile, for
x = 0.1, no discontinuous anomaly is observed around 7y, Ty,
or at any temperatures, suggesting no phase transition. Never-
theless, a round peak in C,,/T was observed as in conventional
SG, whereas a linear T term in specific heat, which is often
observed in conventional SG, was unrecognized. Instead, T2
specific heat was observed along with the other compounds
for 0 < x < 0.5 [12], which means the AF state is not respon-
sible for this dependence. In frustrated and random systems,
T2 specific heat has been reported [18,19]. Meanwhile, for
x = 0.01, although a distinct peak in C(7") was unobserved,
an anomaly at ~12 K was clearly observed, which is more
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FIG. 2. (a) Specific heat C(T") of Ru,_,Fe,CrSi (x = 0,0.01, and
0.1). The dotted line shows the estimated lattice contribution (see
the text). (b) Magnetic specific heat divided by T', C,,(T)/T, C,,(T)
is obtained by subtracting the lattice contribution. The inset is an
expanded view at low temperatures. An absence of a linear term
and a T? dependence of C,(T) at low temperatures are observed.
(c) Magnetic entropy S,, obtained by integrating (b).

clearly detected as a peak in C,,/T versus T in Fig. 2(b).
The anomaly is slightly below Ty for x = 0, accounted for by
the randomness that degrades long-range order. This shows
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FIG. 3. Specific heat, as a form of C/T — T, of the Ru,_,Fe,CrSi
[x = (a) 0 and (b) 0.1] under magnetic fields of 0, 5, 10, and 14 T.
For both samples at any fields up to 14 T, no influence of magnetic
field is observed.

that the AF correlation holds up to x ~ 0.01 even though Fe
substitution destroys the AF order.

Figure 2(c) shows the magnetic entropy obtained by inte-
grating C,,/T. For approximately 50 K, the entropy reached
around 4 (J/K?mol) and continued to increase gradually,
particularly for x = 0.1. This is considerably below 5.76
(J/K?mol) (=R In 2), which is the value if we assume 1/2 spin
resides at each Cr site. This suggests the role of itinerancy and
frustration.

Figure 3 show the specific heat for x =0 and 0.1 in a
magnetic field up to 14 T. For both compounds, the C(T)/T
curves for different magnetic fields agree with each other. We
can say that the specific heat is completely independent of
magnetic field up to 14 T within experimental resolution. For
x =0, even at 14 T, both the transition temperature and the
peak shape remained constant, suggesting the robustness of
the transition toward a much higher magnetic field. This will
be clarified through measurements in the pulsed high field.
Furthermore, such unchanged specific heat around Ty with
respect to the magnetic field was reported for other materials
[20-22].

According to the Maxwell relation,

as oM

8- T (D
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From M(T) at B=1T, |dM/dT| is <1075 (J/K T f.u.)
forx =0and < 107* (J/K T f.u.) for x = 0.1. As presumed
from Fig. 2(c), the field dependence of the entropy is con-
sidered almost absent within the experimental resolution. The
independence of the specific heat on magnetic field conforms
to the weak temperature dependence of M(T').

C. SR of Ru,CrSi

We have performed muon spin relaxation studies, and the
results for x = 0.1 have been reported [13]. We investigated
zero-field muon spin relaxation (ZF-uSR) measurements
and longitudinal-field muon spin relaxation (LF-xSR) mea-
surements in a longitudinal field of 0.01 T for Ru,CrSi.
Observably, the obtained results for LF-uSR were essentially
the same as those for ZF-u SR, although this field was applied
to decouple the nuclear spin contribution and to extract the
electron spin effects. In ©SR measurements, spin-polarized
muons are implanted into samples. The muon spin depolar-
ization due to internal fields at the muon sites is described by
the asymmetry Ay (¢) defined as follows:

_F(t) — aB()

T F(t)+aB@) @

Ap(1)
Here F(¢) and B(t) are the total muon events counted by the
forward and backward counters at time ¢, respectively, and «
is a calibration factor reflecting relative counting efficiencies
between the forward and backward counters.
Figure 4(a) shows the LF- SR time spectra of the asymme-
try Ao(¢) in Ru,CrSi at temperatures between 2 and 30 K. The
relaxations were well fitted by a single exponential function:

Ap(t) = Aexp(—At), 3)

where A is the initial asymmetry and A is the muon relaxation
rate. Figure 4(b) shows the obtained A and XA. The conspicuous
change in A between 10 and 20 K indicates the development
of an ordered state. The midpoint of the change in A is about
15 K, which is reasonably considered to be Ty [23]. A peak in
A was observed around this temperature, indicating a critical
slowdown. This behavior shows that a phase transition in mag-
netic origin occurs around 15 K in terms of ©SR. However,
an oscillatory signal by the internal field of the AF order was
unobserved, possibly due to a large internal field.

D. Magnetization in high field

Figure 5 shows magnetization as a function of magnetic
field M(B) upto B =72 T at 4.2 K for Ru,_,Fe,CrSi (x = 0,
0.1, 0.3, and 0.5). In Ru,CrSi, which is in the AF state at zero
field, the M(B) curve is almost a perfect straight line up to
72 T, suggesting no transition, and the AF state persists up
to the highest magnetic field. For x = 0.1, the M (B) curve is
convex in a relatively low-field region, reflecting SG nature,
and in a higher-field region M(B) increases almost linearly
with B and shows no tendency to saturation. Notably, the
M(B) curves for x =0 and 0.1 measured at 1.4 K are the
same as those at 4.2 K within the experimental resolution. No
hysteresis between increasing and decreasing B was observed
for both 1.4 and 4.2 K. This is critical when we compare
with the magnetoresistance results in a pulsed field. However,

6 T T T T
L (a) I I Ru,CrSi ;v 30K
By=001T | ® 20K
16 K
12K
o 8K
[~ s 2K
£
g
A
<
b1
L (b) e % e e e :
4 ‘ .
< .
2r Ru,CrSi
re w g BLFZO.OIT E
O——F+—+—+—+——F+—+—+—+—]
“.::1— { i
20 -
< |t _
] .0. 4
0 M R B SN BN SR S
0 10 20 30 40 50

T(K)

FIG. 4. (a) Time spectra of the asymmetry in SR of Ru,CrSi at
longitudinal field B g = 0.01 T at various temperatures. Solid lines
are fit to a single exponential function [Eq. (3)]. (b) Temperature
dependence of the initial asymmetry A and the relaxation rates X after
zero-field cooling.

in static fields, the hysteresis in M(B), probably due to the
SG state development, was observed at low temperatures, as
reported in [11], although it is small and therefore it is not
strange that it was unobserved in pulsed fields. For x = 0.3
and 0.5, M initially increases rapidly from B = 0, reflecting
the ferromagnetism. In the higher-field region, M increases
gradually and also shows no tendency to saturation up to 70 T.
The magnetization per formula unit at 70 T for x = 0.5 is
approximately 0.8up. This is considerably below 2u g, which
was the theoretically predicted spontaneous magnetization
independent of a wide range of x [4], and the experimen-
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FIG. 6. Magnetization of Ru,CrSi in pulsed fields at tempera-
tures 4.2 < T <20K.

Ap(B)/po = [p(B) — pol/po for Ru,CrSi at 1.8 K in static
fields with varying B as 0 - 9 — —9 — 0 T, where p(B)
and p( are resistivities at the temperature in a magnetic field
of B and in zero magnetic field, respectively. Figure 7(b)

094428-6



HIGH MAGNETIC FIELD PROPERTIES IN ...

PHYSICAL REVIEW B 103, 094428 (2021)

shows the high-field MRR up to 55 T measured using pulsed
magnetic fields at temperatures between 1.4 and 20 K. The
range includes T from far lower than 7y = 13 K at B =0 to
T higher than that. From the figures, basically the same behav-
iors were observed under pulsed and static fields, and they are
independent of temperature. The magnetic field dependences
can be approximately described as Ap(B)/py = aB* up to
the highest field, 55 T, and « is estimated to be 5.9 x 1073
(%/Tz). The p(B) curves all look similar, and one curve
appears to overlap just with others by shifting in parallel, as
displayed in the inset of Fig. 7(b). In those p(B) curves, no
sign of the transition was observed, despite the characteristic
change in p(T") around 7y. Notably, no hysteresis in p(B)
between increasing and decreasing B was observed even at
low temperatures for both pulsed and static fields, in contrast
to the case for x = 0.1, described later.

From these data, we have constructed the temperature
dependence of p for different values of magnetic fields by
adding Ap(B) to p(T) at B = 0, which was measured directly
for the present sample [Fig. 7(c)], and a clear dip indicating
that the AF transition was observed at ~15 K, which agrees
with that in Fig. 1(b). Consequently, from Fig. 7(c), at dif-
ferent magnetic fields, the dip exists and no shift in Ty is
observed. From the inset of Fig. 7(b), it can be seen that the
identity of the p(B) curves in parallel shifts shows that the
temperature of the dip in p(7) remains constant when the
magnetic field is changed. Considering the results for p(T)
under 14.5 T measured in static fields [13], and for specific
heat up to 14 T, we have clearly observed that Ty appears to
be constant even in fields as high as 55 T.

Figure 8(a) shows the MRR of Ru; ¢gFeq ;CrSi at temper-
atures between 1.8 and 10 K. Figure 8(b) shows the MRR
of Fe-substituted samples with x = 0.06, 0.3, and 0.5 at 2 K.
These measurements start initially in a ZFC condition with B
varyingas0 - 9 - 0 - —9 — 0 - 9 — 0T, as indicated
by arrows 1-7, and py is the value of p(0) when B returns to
zero from 9 T. For x = 0.1, MR is negative and the hysteresis
appears below 4 K. The hysteresis in p(B) observed at 4 K
makes a symmetric loop centered at py (B = 0). The loop-
type hysteresis seems relevant to weak irreversibility found in
SG states, some ferromagnetic systems, or in inhomogeneous
magnetic states [24-26], and it is also seen for x = 0.3, as
shown in Fig. 8(b). Note that, for x = 0.5, although the hys-
teresis in p(B) almost disappears, it still remains in M (B), and
for larger x the hysteresis tends to disappear as the compound
becomes a homogeneous soft ferromagnet [5,11]. However,
different behaviors occur for 1.8 and 2.2 K, as shown in
Fig. 8(a). The initial Ap(B)/po for B increasing from O T
after ZFC (arrows 1 and 2) differs from the curve obtained
by the sequence shown by arrows 3-7. It starts at O T from
a value below py (arrow 1), and with increasing field (arrow
2) it meets the curve obtained in the following sequence, and
the loop repeats. The magnetic field where the initial p(B)
curve after ZFC meets the loop in the subsequent sequence is
represented as B;. For x = 0.06, the same type of unusual hys-
teresis pattern in p(B) occurs as for x = 0.1 [Fig. 8(b)]. This
compound exhibits practically the same magnetic behavior
with strong irreversibility below 7, as for x = 0.1. Therefore,
the unusual hysteresis observed after ZFC for x = 0.1 (and
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FIG. 8. (a) Magnetoresistance ratio Ap(B)/py of Ru; gFe( ;CrSi
under a static field. The arrows show the order of varying magnetic
field. The measurements start initially in a zero-field-cooling (ZFC)
condition, and py is the value of p(0) when B returns to zero from
9 T. B; is the magnetic field where the initial p(B) curve after ZFC,
indicated by the arrow 1, meets the loop of p(B) in the subsequent
sequence. (b) Ap(B)/po of Ru,_,Fe,CrSi as a function of magnetic
field with x = 0.06, 0.3, and 0.5 at 2 K, measured under a static
magnetic field up to 9 T with the field sequence shown in (a) after
ZFC.

x = 0.06) is exceptional and relevant to the strong irreversibil-
ity that accompanies the SG state.

Furthermore, we measured the MR for x = 0.1 under
higher static magnetic fields. Figure 9(a) shows the MRR
measured at 1.3 K initially in ZFC followed by varying B with
0 — 18 — 0 T for transverse and longitudinal geometries.
The unusual hysteresis behavior appears at 1.3 K, as shown
in the inset of Fig. 9(a). One possible factor affecting MR
behavior is the measurement geometry, that is, a longitudinal
or a transverse geometry. However, the data for both config-
urations agree perfectly with each other. Figure 9(b) shows
the MRR for x = 0.1 at 0.5 K initially in a ZFC condition,
followed by the field cycle of 0 > 10 - 0 - —10 - 0 —
10 — 0 T. On the whole, the behavior is the same as that
for 1.3 K, although B; was not as different as for 1.3 K,
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FIG. 9. (a) Magnetoresistance ratio Ap(B)/po of Ru, oFeqCrSi
under a static field at 7 = 1.3 K after ZFC from 0 to 18 T and
decreasing B back to O T for longitudinal and transverse configura-
tions. The inset shows an expanded view around O T. The arrows
show the order of varying magnetic field: first increasing B after
ZFC and decreasing B back to 0 T. (b) Ap(B)/po of Ru; gFeq;CrSi
under a static field at 7 = 0.5 K in varying B back and forth for
—10 < B < 10 T from O T after ZFC. The arrows show the order of
varying magnetic field. The inset shows an expanded view around
B=0T.

contrary to the tendency to increase with decreasing tem-
perature (Fig. 11). Note that the ZFC condition might not
be realized as strictly as at T 2 1.3 K because temperature
control is difficult.

Using a pulse magnet, the high-field MR of Ru, gFe( ; CrSi
up to 56 T was measured at temperatures between 1.4 and
30 K. Figure 10(a) shows p(B) for increasing and subsequent
decreasing B after ZFC. Although the data shown here have
been averaged and smoothed, the feature of p(B) discussed
here was unaltered. The resistivity of this sample at B=0T
is approximately 1.2 x 1073 Qcm at T = 4.2 K and 0.94 x
1073 Qcm at T = 30 K [11,14]. The curves in Fig. 10(a) are
shifted for clarity. The sequential changes in B are represented
by arrows. p(B) exhibits no sign of saturation and changes
almost linearly in the higher-field region. The MRR becomes
approximately —30% at 55 T and its magnitude slightly de-
pends on temperatures below 30 K, as obtained under static
fields [14].

However, from Fig. 10(a), the most prominent feature is
an unusual hysteresis that occurs as a function of B at low

p (arbitrary unit)

RulAgFeollchi

1 L 1 L 1 L 1 L 1

0 10 20 30 40 30
B (T)

Aplpy (%)

i (b) Rul _7FeoA3CrSi
L Il L Il

0 10 20 30 40 50
B(T)

FIG. 10. (a) Electrical resistivity of Ru; gFe(;CrSi under pulsed
fields of B = 56 T as a function of magnetic field B at temperatures
between 1.4 and 30 K. The curves are offset by equal amounts
for clarity. The inset shows the magnetoresistance ratio (MRR)
Ap(B)/po at 1.4 and 20 K. The magnitude of MRR hardly changes
below 30 K. For the data at 1.4 K, the open circle shows the starting
point and the arrows show the time ordering of B. Crosses show MR
for a smaller pulsed field of 7.8 T at 1.4 K. For T < 3 K, an unusual
hysteresis appears, forming a figure-8. (b) MRR of Ru, 7Fe(3CrSi
under pulsed fields of B =45 T at temperatures between 1.3 and
30 K.

temperatures (below ~3 K). This becomes more remarkable
at lower temperatures, as shown for 1.4 K by the arrows. At
4.2 K, the hysteresis is almost completely unclear, and around
10 K it disappears altogether. The MR curve at 1.4 K for
increasing B just after ZFC begins from the point indicated
by the open circle in Fig. 10(a). The return p(B) curve for
decreasing B (arrow 3) is initially above the curve for increas-
ing B (arrow 2), intersects the curve (at ~8 T for the 56 T
pulse), and then returns at ~ 0 T below the starting point.
Then it returns to the starting point in approximately 5 ms
after the pulsed field becomes zero field (arrow 4), probably
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FIG. 11. Magnetic field vs temperature (B — 7') magnetic phase
diagram for Ru,_,Fe,CrSi (x = 0, 0.02, and 0.1). The antiferromag-
netic (AF) transition 7y of Ru,CrSi determined by magnetization
(open circles), specific heat (solid circles), electrical resistance
(crosses), and magnetoresistance in a pulsed field (MR), as described
in Fig. 7(c) (broken line), is shown. The inset is the B — T phase
diagram extending to a high field of 55 T, where the almost upright
phase boundary of the AF transition determined by MR is shown.
Characteristic temperatures of the spin-glass behavior, T, and T* in
magnetic fields, for x = 0.1 and 0.02 are plotted. Open diamonds
show B, for x = 0.1 determined from Figs. 8 and 9, and the solid line
shows the expected dependence AT3/? = [T,(0) — T,(B)]*/* for the
AT transition.

attributed to a relaxation. The result is a figure-8 loop. The
strangest feature of the hysteresis behavior is the rather rapid
decrease in p(B) for increasing magnetic field (arrow 1), and
it shows that the state of the substance is unpinned to the
preceding state and is changing with respect to the pulsed
field. Notably, this rapid decrease was unobserved in static
fields, even as high as 18 T. These suggest that p(B) under
a pulsed field does not necessarily represent the equilibrium
values of p at that field. For comparison, we show the result
for a weaker pulsed field up to 7.8 T. Under this weak pulse,
similar characteristics also appear (i.e., a figure-8 loop). This
result suggests that these characteristics are independent of
the magnitude of the pulse and are intrinsic. However, the
p(B) curve for decreasing B depends on the magnitude of
the pulse, and even for increasing B it departs from the p(B)
curve for the 56 T pulse before the field reaches its maximum
B = 7.8 T. One possible origin of the rapid decrease in p(B) in
pulsed fields with increasing B may be the rapid local increase
in temperature in the initial stage in increasing B because the
behavior of p(7") is semiconducting [6,11], and the increase in
temperature may gradually relax after that. Nevertheless, this
cannot account for all this behavior. The rapid extinction of
the anomalous hysteresis above ~2.2 K seems difficult to at-
tribute to the local increase in temperature. Figure 10(b) shows
MRR under pulsed fields for Ru; 7Fe3CrSi at temperatures
between 1.3 and 30 K. Although it is similarly semiconducting
with a weaker temperature dependence, anomalous behavior
for x = 0.1 was not observed at all. Within experimental
resolution in this measurement, hysteresis was unrecognized
down to 1.3 K. Below 7 T it exhibits the largest negative
MR in the series of Ru,_,Fe,CrSi [11]. Nevertheless, in the
higher-field region the slope of the decrease in p(B) weakens
and it exhibits a linear-B dependence, and the magnitude of

Ru,_,Fe,CrSi
100 w T , ‘ ‘ St
| & Ty -
—0—T,B=0.005T
80 » 155 G005t
S Ferro
—~ 60_
\MJ | : IR 3
B g
-7 WI :
ZO-A,"A
4
! ‘SG‘ | ‘ ‘ : : I .
O\, 01 02 03 04 05
AF .

FIG. 12. Temperature vs Fe concentration (T — x) diagram for
Ru,_,Fe,CrSi (0 < x < 0.5). The solid diamond shows the antifer-
romagnetic (AF) transition 7y for x = 0. The AF phase exists only
for near x = 0. Characteristic temperatures of spin-glass behavior, 7,
[onset of strong irreversibility in M (T')] and 7* [maximum of M (T")],
at a low field of B = 0.005 T are shown by open circles and triangles.
Below T, the spin-glass state with strong irreversibility (SG) exists,
and for 7, < T < T* the inhomogeneous magnetic state with weak
irreversibility (WI) exists. The ferromagnetic transition 7¢ is shown
by the solid square (7¢ for x = 0.5 is 190 K).

MRR at 45 T is ~30%, as large as for x = 0.1. This con-
forms to a proposition that the ferromagnetism for x = 0.3
is inhomogeneous, and the large MR in lower fields is due
to an alignment of the inhomogeneous ferromagnetic regions,
inducing a decrease in boundary scattering.

The origins of negative MR in Fe-substituted samples may
be randomness and magnetic scattering induced by Fe by
considering MR changes from positive to negative with the
introduction of Fe. Unsaturated negative MR, which is almost
linear in B in the high-field region and is supposed to continue
to a higher field, was observed for x = 0.1 and 0.3. This is
considered to be related to unsaturated M(B) (Fig. 5) that
gradually suppresses the magnetic scattering with increasing
B. Meanwhile, in the antiferromagnetic Ru,CrSi, such a mag-
netic scattering effect for negative MR is absent, and the effect
of magnetic scattering related to the AF order is small.

IV. DISCUSSION

To summarize and discuss the results,the B— T and T — x
magnetic phase diagrams are shown in Figs. 11 and 12.

In Ru,CrSi, the results for specific heat and ©SR mea-
surements showed that it is indeed a thermodynamic and
magnetic phase transition, in contrast with the behavior in
Ru, gFe 1CrSi. Ty in magnetic fields determined from these
measurements is plotted in Fig. 11. As shown by the broken
line in Fig. 11 in the inset, the phase boundary of the AF
transition is almost upright up to 55 T. Therefore, By, the
critical field of the transition from the AF phase at 7 = 0 K,
appears very high. Considering that 7y is as low as 13 K, this
behavior seems very unusual, because if the AF phase is a
usual AF phase derived from local moments, kgTy ~ n,Bo
holds, where kp and w,, are the Boltzmann constant and the
value of the ordered local magnetic moment, respectively.
Although u,, was unknown in Ru,CrSi, it is reasonable to
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assume W, to be ~2up because the paramagnetic moment is
estimated to be 2.28up [15], and further in Ru,CrGe, which is
almost identical in magnetic properties for Ru,CrSi, in the AF
phase the magnetic moment is carried by Cr and its moment
was estimated to be 1.8up [10]. With these values, By is
estimated to be ~10 T, and this contradicts the experimental
fact.

The AF transition unchanged to the magnetic field has been
reported in other materials, such as the Heusler-type com-
pound Mnj3Si [20], the half-Heusler-type compound CuMnSb
[21], and CrB, [22]. Also, measurements for these in pulsed
fields were performed, and the absence of a transition to
high fields is suggested [27]. The robustness to magnetic
field in these materials was explained by band effects. The
p(T) dip around the transition is reminiscent of the resistivity
of Cr at the spin density wave (SDW) transition [28,29],
and it suggests a change in the electronic structure around
Ty in Ru,CrSi. Similar behavior was also reported for the
half-Heusler compound GdPtBi [30] or Fe pnictides such as
Ba(Fe;_,Mn,),As, which shows SDW and glassy behavior
[31].

Figure 12 shows the T versus x (Fe content) diagram for
0 <x<0.5. For 0.3 <x <0.5, ferromagnetism, which is
presumed to be inhomogeneous, was observed. Although the
inhomogeneous ferromagnetic phase may be considered to
be like a Griffiths phase [32], in our analysis the magnetic
susceptibility showed no temperature dependence expected
of a Griffiths phase, that is, the susceptibility increases over
the Curie-Weiss law at low fields [24]. Notably, the Grif-
fiths phase picture is not always applied for inhomogeneous
ferromagnetism [33]. Below x ~ 0.2, spontaneous magneti-
zation disappears, and in Ru; gFe( CrSi the formation of an
inhomogeneous magnetic state and spin freezing occur, in-
ducing the behavior of successive SG transitions at 7, (spin
freezing) and T* (gradual formation of a magnetic frozen
region), as fully explained in Refs. [11,13]. This behavior is
also observed for 0.3 < x < 0.5 [12], where several magnetic
phases may coexist. By decreasing x further, 7* decreases,
whereas T, (~ 15 K) changes slightly, and they appear to
meet around x ~ 0.01. It appears that 7, and 7* become
Ty at x ~ 0, where a true AF transition occurs. Notably, T*
increases with Fe substitution, which is assumed to bring
about a ferromagnetic interaction and accordingly to increase
magnetization, whereas 7* is considered a measure of the AF
interaction; these two points would seem to contradict each
other. Nevertheless, these x dependences suggest the strong
relationship of the AF transition and SG behavior with the
anomalies at Ty and 7.

In Fig. 11, phase boundaries in a magnetic field for x =
0.02 and 0.1, in addition to x = 0, are shown. For 0.1 and 0.02,
T,(B) in a magnetic field determined from M(T) are shown,
and they are similar. Although the nature of the SG transition
in a magnetic field remains controversial [34], the SG transi-
tion in a magnetic field has often been described in terms of
the de Almeida—Thouless (AT) transition [35]. The SG below
T, exhibits characteristics expected of the AT phase; strong ir-
reversibility exists between the M (T ) curves for ZFC and FC,
and the T, extrapolated to O T agrees with the spin-freezing
temperature 7,(0) revealed by uSR. The relationship of 7,
with magnetic fields deduced from M (T") follows the expected

form for the AT line B o« (AT )¥/? = [T,(0) — T,(B)]*/* at low
fields, as shown in Fig. 11 by the solid line, where 74,(0)
is supposed to be 15 K [11,35]. Moreover, B; determined
from hysteresis in p(B) [Figs. 8(a) and 9(b)] is plotted. B;
shows similar behavior to that of T,(B), although B; at the
lowest temperature 0.5 K is almost the same as that at 1.3 K.
However, even if the AT transition is realized, the high-field
behavior probably has not yet been understood both experi-
mentally and theoretically. Nevertheless, we believe that this
unusual hysteresis is a manifestation of the strong irreversibil-
ity in SG, like that described in the AT theory. Meanwhile,
T* seems not to depend much on B. We investigated other
x and found that the magnetic field dependences of 7* and
T, are basically the same for 0 < x < 0.1 [7]. This behavior
may be interpreted as successive SG transitions. Successive
SG transitions in the Heisenberg spin system are proposed
by the AT and GT (Gabay-Toulouse) theory [36,37], and
actually the magnetic phase diagram of the transitions resem-
bles that of the AT and GT lines. In particular, the transition
at T, has AT-like character. Meanwhile, the anomaly at T*
does not show properties proposed as the GT transition, but
rather a crossover in which sporadic magnetic frozen regions,
probably antiferromagnetic, occur gradually. This looks like a
situation described by an AF Griffiths phase model. However,
the criterion for judging an AF Griffiths phase seems not
to be established and is only qualitatively understood [31].
To explain this phase diagram, a model of two components,
which are rather independent but are linked, is presented.
Following the AT and GT theories, we tentatively call the
two components longitudinal and transverse components. The
longitudinal component freezes at T,. The transverse com-
ponent has greater susceptibility and a preference for an
ordered state, and it increases with x. This may cause the
increase in the magnitudes of M and T*. Meanwhile, the lon-
gitudinal component has a smaller susceptibility and freezes
randomly around constant temperature 7,. At x < 0.01, the
transverse component makes a stronger link with the longi-
tudinal components, and the AF long-range order develops.
This is just a qualitative picture, and the terms longitudinal
and transverse are intangible, which might indicate spacious
regions.

Next, we consider the bizarre hysteresis in MR for x = 0.1.
Considering that the bizarre hysteresis under static and pulsed
fields has only been seen at limited low temperatures and has
probably only been observed for x = 0.1, it is regarded as an
intrinsic phenomenon. Since the size and appearance of the
hysteresis behaviors differ greatly between static and pulsed
fields, they cannot be regarded as the same phenomenon. Nev-
ertheless, both unusual behaviors after ZFC are interpreted as
manifestations of strong irreversibility accompanying the SG.
The behavior in pulsed fields at least may be attributed partly
to the enhanced relaxation time that is generally considered to
accompany glassy states. Nevertheless, this behavior is very
special; we are not aware of any similar behavior of bizarre
hysteresis in pulsed fields in other materials. Additionally,
in the magnetization M (B) under a pulsed field, the unusual
hysteresis was unobserved in the scale of Fig. 5, whereas in
M (B) in a static field, a relatively small hysteresis, probably
due to SG, was observed at low temperatures below 4 K [11].
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The salient hysteresis in p(B) for x = 0.1 appears not to be
related with M (B).

One hypothesis for this behavior is that after ZFC below
T,, the SG state with strong irreversibility occurs, which we
tentatively call the AT state, and this AT state is supposed
to have lower electrical resistivity than that in the high-field
state, judging from the smaller values of p(B) in the static
field initially after ZFC, as shown by arrow 1 in Fig. 8(a). In
the higher-field region, this state may persist and low resistiv-
ity is probably enhanced, thereby inducing a rapid decrease
in p(B) with increasing B. The unusual hysteresis is only
visible at temperatures below ~3 K, which is much lower
than 7, = 15 K. A possible explanation is that the AT line
[T,(B)] strongly depends on B in the lower B region, and thus
the AT region in the magnetic field extends only in limited
low temperatures. A figure-8 behavior of MR was reported
in HoFe4Ge; in a static field [38]. In this case, the first-order
phase transition seems to be related to the behavior, which
differs from the present case. However, it is specified that the
enhanced relaxation time attributed to kinetic arrest in that
case might correspond with what occurs in the present case.

In this series of compounds, unique aspects of the AF state
and the SG state characterized by strong irreversibility and
inhomogeneity are clarified. However, more studies are still
needed to understand the underlining physics.

V. CONCLUSIONS

Magnetic and thermodynamic properties, resistivity in a
magnetic field, particularly for properties in a high magnetic
field, and SR studies were performed for Ru,_,Fe,CrSi. In
Ru,CrSi, an antiferromagnetic transition occurs at 7y = 13 K,

where a clear dip in the temperature dependence of resistivity
is observed. The temperature at the dip remains constant up
to 55 T, and magnetization is proportional to B up to 55 T.
The specific heat shows a peak at the temperature Ty. The
shape of the specific heat and Ty remain constant up to 14 T.
These show the robustness of the antiferromagnetic state to
the magnetic field, suggesting that this transition is related
to the electronic band structure. Meanwhile, Ru; gFeg CrSi
exhibits the behavior of successive SG transitions. The prop-
erties for 0 < x < 0.1 suggest a deep relation between the
antiferromagnetism and the SG behavior.

For magnetoresistance in a high field, while Ru,CrSi
shows a positive magnetoresistance, Ru; gFe( ;CrSi exhibits
a negative magnetoresistance, and the remarkable behavior is
the unusual hysteresis at low temperature in ZFC conditions,
specifically in pulsed fields. This must originate in the SG
state with strong irreversibility.
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