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Itinerant-electron-type helical —spin-glass reentrant transition in Cro s&Mno»Ge
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Small-angle neutron-scattering and some magnetic measurements of Cro»Mno»Ge gave evidence of a
double transition, from a paramagnetic to a helical magnetic state, and to a mixed state of helical and

spin-glass-like ordering with decreasing temperature. The helical spin modulation, having a long period
(from 360 A at 5.3 K to 420 A at 12.5 K), indicates the nature of an itinerant-electron-type magnet, and
the reentrant transition is interpreted on the basis of the interacting spin fluctuation.

I. INTRODUCTION

Spin-glass problems have rarely been discussed in
itinerant-electron description. The early idea of the Ston-
er glass' predicted the possible spin-glass transition
through the interaction between weakly localized spins,
and was applied to some impurity systems with a high
Kondo temperature. However, such a viewpoint has not
been followed up to the point where its validity can be ex-
perimentally determined. The reentrant transition, the
most attractive theme regarding frustrated spin systems
in the past decade, has scarcely been explained in such a
manner. Provided the reentrant nature was reconsidered
from the viewpoint mentioned above, there would be
some criteria for evaluating the itinerant picture of spin
glass. This is because the itineracy in the spin freezing
state can be well characterized in connection with the
well-characterized magnetism of the ordered state. To
obtain some evidence for such a reentrant transition, due
to the local spin fluctuations, we have paid attention to
some impurity systems with an exchange-enhanced mag-
netic matrix. This paper presents experimental evidence
supporting the itinerant-electron-type reentrant transi-
tion in Cro 8,Mno»Ge.

Chromium monogermanide (CrGe} with the cubic B20
structure shows a nearly ferromagnetic nature. The
solid solution Cr& „Mn„Ge with 0.09 & x 0. 15 has
weak ferromagnetic nature, and the large content of Mn
(x ~0.24) leads to frustrated spins. ' In the intermediate
Mn concentration region (0. 17~x ~0.21), we found
some characteristics expected of a reentrant spin glass,
i.e., the rapid increase in magnetization at T, and some
irreversible behavior at temperatures below T,h [lower
than T, (Refs. 3,5)]. On the other hand, the spontaneous
magnetic moment of Cro 8&Mno»Ge, obtained from the
H =0 extrapolation of a high-field (H )400 Oe} magneti-
zation curve, is about 0.9pz/Mn atom at 4.3 K, which is

much smaller than the effective magnetic moment of
3.6pz/Mn atom determined in the paramagnetic region. 3

This suggests an itinerant-electron nature in the ordered
state of Cro s,Mno, 9Ge. The field-dependent magnetiza-
tion obtained below 400 Oe, however, suggested no spon-
taneous magnetization.

In the present work, we performed the ac and dc mag-
netic measurements and the small-angle neutron-
scattering (SANS} measurements of Cro s,Mno»Ge. We
clarify the magnetic nature in the ordered states, and
show that the characteristic irreversibility at low temper-
ature is interpreted in terms of the itinerant-electron-type
helical-spin-glass reentrant transition.

II. EXPERIMENTAL PROCEDURE

The polycrystalline Cr08, Mno»Ge sample was pre-
pared, as shown in the previous paper. The sample for
magnetic measurements was shaped to a sphere 3 mm in
diameter, and a plate sample 1 mm thick was used for the
neutron-scattering measurements. The ac susceptibility
measurement was performed using the Hartshorn-type
bridge. We obtained the linear and nonlinear terms
from the ac susceptibility data. The low-field dc suscepti-
bility and the thermoremanent magnetization (TRM)
were measured using a Quantum Design MPMS2 super-
conducting quantum interference device (SQUID) magne-
tometer. The TRM data were analyzed on the basis of
the stretched exponential and the power-law-type relaxa-
tion functions. The SANS measurements were performed
using a small-angle neutron-scattering (SAN) spectrome-
ter, installed at the pulsed neutron facility at the National
Laboratory for High Energy Physics (KEK). The mag-
netic contribution was separated using the scattering in-
tensity obtained at 50 K where the spins are completely
disordered. We also measured the neutron-scattering in-
tensity in magnetic field which was applied along a direc-
tion perpendicular to the incident direction of neutrons.
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III. EXPERIMENTAL DATA AND ANALYSIS

A. Magnetic data

Figure 1 shows some temperature-dependent ac and dc
magnetic susceptibilities of Cro 8&Mnp»Ge. The real part
of linear ac susceptibility g„(f=105 Hz and h =6 Oe)
shows a maximum at T, =13.0 K. On the other hand, in
the imaginary part, the two maxima with negative sign
are observed at 9.5 and —13 K, which suggest the double
transition. The nonlinear susceptibility —,'yzhe, which is
defined as the response at the third harmonic, shows a
maximum at Tf =10.6 K and diverges with a negative
sign at a temperature just below 13 K. Such behavior in
the nonlinear susceptibility has been discussed in connec-
tion with the phase transition temperatures in the reen-
trant spin glass (Pde99«Feoz»4)e95Mn005. Here, we
note that Tf in the nonlinear susceptibility is sensitive to
the frequency and magnetic field.

The dc susceptibility gd, measured at 0.5 Oe shows a
maximum at 12.9 K, below which the irreversible
behavior is observed according to the sample cooling pro-
cedure. The zero-field-cooled (ZFC) susceptibility, fur-
thermore, has a hump around 8.5 K, although the field-
cooled (FC) data do not show any anomalous behavior at
the hump temperature. Such a hump in low-field dc sus-
ceptibility w'as regarded as a sign of a reentrant transition
in the reentrant NiMn alloy, in which the irreversible
behavior was also observed up to a temperature
significantly higher than the hump temperature.

The TRM data in Fig. 2(a) show the long-time relaxa-
tion behavior at temperatures below —10 K as expected

The largest value of S is observed between 4 and 5 K.
Such a maximum in the decrement has been explained as
a characteristic relevant to the spin freezing tempera-
ture. Furthermore, we analyzed the TRM data on the
basis of the common relaxation functions, namely, the su-

perposition of a constant term and a stretched exponen-
tial:

M =MD+M, exp[ (t—/~)' "], (2)

and the superposition of a power-law and a constant
term:

M=Mo'+opt ™. (3)

The TRM data at temperatures below 4 K are
well described by Eq. (2), as shown in Figs. 3(a)-3(c)
which show the linear relation between

log, c[ (d Idt—)ln, o(M Mo)] —and log, et As ab.ridged in
Table I, the best-fitted parameters n and r increase and
decrease with increasing temperature, respectively. On
the other hand, the extraordinarily small value of r
( —10 '4 sec) at 5 K suggests that Eq. (2) is insufficient
relaxation function for the TRM data of Crp 8&Mno &96e
above 5 K. The higher temperature relaxation is well de-
scribed by Eq. (3), as shown in Figs.
3(d)-3(f) in which the double logarithmic plots of

for a spin freezing state, where the samples were cooled
in H, =100Oe from 50 K and the waiting time was about
50 sec. Figure 2(b) shows the decrement S of the loga-
rithmic time-dependent magnetization:
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FIG. 1. Temperature-dependent ac and dc
susceptibilities of CrpsiMnp»Ge. The real
and imaginary parts of linear ac susceptibility

g„and the nonlinear susceptibility —yzhp are

measured at f=105 Hz and lt =6 Oe. The dc
susceptibility yd, is measured at H=0. 5 Oe
under zero field cooling (ZFC) and field cool-
ing (FC) conditions.
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—dM/dt as a function of t yield straight line behavior.
The best-fitted exponent m in Eq. (3) increases with in-
creasing temperature (Table I). Such change in the relax-
ation function and the rapid decrease in v. are suggestive
of the spin freezing around 5 K. The same feature of the
relaxation of the thermoremanent magnetization has
been observed in the other reentrant spin-glass systems
[NiMn (Ref. 8) and AuFe (Ref. 10) ].

These magnetic data obviously indicate the spin-glass-
like ordering, appearing below the high-temperature or-
dered state of T, =13 K. However, the evaluation of the
spin freezing temperature significantly depends on the ex-
perimental techniques which refiect diff'erent time scales
peculiar to them, i.e., 10.6 K (ac susceptibility), 8.5 K (dc
susceptibility), and -5 K (TRM).

B. SANS data

Figure 4 shows the SANS intensity of Cr0 8,Mn0» Ge
in zero field as a function of the momentum transfer q.
An intensity peak at q0 was found at temperatures below
14 K, which indicates a modulated spin structure in the
zero field magnetic state. Figure 5(a) shows the tempera-
ture dependence of the scattering intensities at q =0.012,
0.014, 0.016, 0.018, and 0.020 A ', and the integrated in-
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FIG. 2. (a) Time dependence of the thermoremanent magne-
tization (TRM) of Crp SIMnp l9Ge measured after sample was
cooled in H =100 Oe from 50 K. (b) The decrement S of loga-
rithmic time-dependent magnetization is plotted as a function of
temperature.

0
tensity from 0.01 to 0.04 A '. The maximum observed
in the temperature-dependent integrated intensity around
7 K suggests that the modulated spin state becomes un-
stable at low temperatures. The q-dependent scattering
intensity can be fitted with the following I,orentzian and
constant term:

I(q)=I, +
(q —qo)'+aq

(4)

Figure 5(b) shows the best-fitted peak position qo and
linewidth Aq, where 4q was obtained from hq„, by
evaluating the resolution inherent in the apparatus. "
The period of the modulation, estimated as 2n!qo, de-

0
creases with decreasing temperature, i.e., 420 A at 12.5 K
to 360 A at 5.3 K. On the other hand, the coherent
length, estimated from hq by assuming the one-
dimensional modulated spin structure, ' increases with
decreasing temperature over the range from 2.5 to 5

periods of spin modulation. We should note that these
values of q0 and bq scarcely show anomalous behavior
around 7 K. Although we cannot explain a lack of anom-
alous behavior around 7 K with the present data, it may
suggest that the instability of the modulated spin state is
starting from a temperature higher than 7 K.

Furthermore, some additive information about the
modulated spin structure can be obtained from the SANS
measurements in magnetic fields. Figures 6(a) and 6(b)
show the x and y components of the neutron-scattering
intensity measured in magnetic fields up to 400 Oe, where
the incident direction of neutrons was perpendicular to
the xy plane and the magnetic field was applied parallel
to the x direction. ' The intensity in 100 Oe is essentially
identical to that in 0 Oe. The x component shows the
two intensive peaks at q0 and q0 in 200 Oe, where the
lower q0 is identical to q0 determined in zero field. Upon
applying to a field of 400 Oe, these peaks became more
intensive. Here, we can note the relation of qo' =&2qo.
In the same field range, the peak intensity of the y com-
ponent rapidly decreases, while the scattering in the

lower q region notably intensifies. Thus the field-

dependent SANS data are interpreted by assuming that
the spin structure in zero field is a helical one as follows.

(1) Below 100 Oe, the spins of the helical structure are
restricted in the planes perpendicular to the specified
crystal axis, which would be identified with the (100)
direction as mentioned below. Therefore, the scattering
is isotropic in the present polycrystalline sample.

(2) In a field from 200 to 400 Oe, the helical spin struc-
ture changes to a conical type one whose screw axis pref-
erentially turns parallel to the direction of the applied
field. Such a picture is supported by a notably intensified

peak at q 0 in the x component, and by an appearance of a
very low q scattering in the y component. This is because
the former reflects an increase in scattering from the spin
components in the plane perpendicular to the field direc-
tion, and the latter indicates the scattering from long-
range ferromagnetic spins along the x direction. The ad-
ditive scattering at qo' in the x component suggests the
appearance of a higher harmonic, originating from the
interaction of helical structures with diferent wave vec-
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TABLE I. Parameters from power-law and stretched exponential fits for TRM data of Crp»Mnp»Ge.

T
(K)

M"
p

(emu/g)

Power law

Op

(emu/g)
Mp

(emu/g)

Stretched exponential
Mi 7

(emu/g) (sec)

2
3
4
5
6

8
9

10
11

(3.7a0. 1)x 10-'
(4.9+0. I ) X 10
(3.9+0.1)x 10-'
(3.7+0.1)x 10-'
(3.0+0.1)X 10
(3.4+0. 1)X 10
(3.3+0.1)x10-'

(1.8+0.1)X 10
(8.9+0.1)x 10-'
(9.3+0.3)X 10
(6.1+0.4) X 10
(3.3+0.5) X10
(1.8+0.4) X 10
(1.4+0.3)x 10-'

0. 13+0.01
0.16+0.02
0.19+0.02
0.23+0.02
0.31+0.04
0.27+0.05
0.27+0.05

(6.7+0.1)X 10
(5.0+0.3)X 10
(4.6+0.3)x 10-'
(3.8+0.3)X 10

(1.8+0.2) X 10
(6.3+1.0) X 10
(1.0+0.1)X 10
(3.8+0.4) X 10

1.5+0.6
(S.5+4.S)x 10-'
(1.1+1.0)x10-'

10
—14 a

0.93+0.01
0.96+0.01
0.96+0.01
0.96+0.01

'The order of this value can be estimated.
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tors, as was reported for the itinerant-type helimagnet
MnSi. ' Therefore, we can estimate that the wave vector
of the helical spins is along the ( 100) direction based on

the relation qo =+2qo.
Such a field-dependent spin arrangement is consistent

with the peculiar behavior of the magnetization process
previously reported. Therefore, we can claim that

Cr08, Mn0»oe has a helical spin structure with a long

period at temperatures below -13 K, which would be
characterized as an itinerant-electron-type one. Further-
more, the helical spin arrangement would become unsta-
ble at low temperatures as suggested by the decrease in
scattering intensity at lower temperatures. This would

support the freezing of spins at low temperatures as sug-

gested from the magnetic data. We cannot detect any
scattering relevant to the spin freezing in the present q
range, however, in contrast to the scattering around q =0
observed in the other reentrant materials. ' ' This
characteristic may be attributed to a very long spin corre-
lation in the spin freezing state, so that the scattering no
longer contributes in the present q range.

IV. DISCUSSION FOR MAGNETIC NATURE
OF Cro 8(Mn0 (9Ge

0.000
4 10

I

12 14
' 0.000

FIG. 5. (a) The scattering intensity of CrpslMnp )9Ge at

q =0.012, 0.014, 0.016, 0.018, and 0.020 A, and the integrated
intensity within the q range from 0.01 to 0.04 A . (b) The tem-
perature dependence of the best-fitted peak position q0 and
linewidth hq.

Both the present magnetic and SANS data support the
reentrant spin-glass transition in Cr0 8&Mn0»Ge, in

which the spin-glass-like characteristics coexist with the
itinerant-electron-type helical spin structure. Although
detailed spin configuration in the reentrant state cannot
be depicted at this point in time, we may predict the pos-
sible interdomain freezing, where the domain size may be
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characterized by the coherent length of helical spin or-
dering. Theoretical background of the itinerant-type hel-
ical spin structure was proposed in terms of the self-
consistent renormalization theory, ' which gave a quali-
tative explanation for a stable helical spin arrangement in
zero field and the helical-conical change with an applying
field. For the helical spin arrangement, with a long
period in a crystal structure lacking inversion symmetry,
e.g., 820 type MnSi and Cr& „Mn„Ge, the important
role of the spin-orbit interaction has been indicated. ' '
This suggested that helical spins are stabilized by the
Dzyaloshinsky-Moriya-type spin interaction, which cor-
responds to the second order on free energy expanded in
powers of spin density. On the other hand, spin-glass-like
ordering should originate from higher-order spin interac-
tion. When the magnitude of the spin increases with de-
creasing temperature, the spin-glass-like ordering would
become more stable compared to the helical spin struc-
ture. Thus, we can qualitatively interpret the helical-
spin-glass reentrant transition from the itinerant-
electron viewpoint. Finally, we would note that the
amorphous Cr& „Mn„Ge system shows only pure spin
glass, with a transition temperature which decreases with
decreasing Mn concentration and reaches 0 K at zero Mn

content. Such a magnetic phase diagram is in contrast
to that of the crystalline system, in which the transition
temperature must reach 0 K at a finite Mn content. This
difference reflects the itinerant-electron nature in the
spin-glass-like state of crystalline Cro 8,Mno»Ge, ' since
the amorphization process should result in more-
developed localization of Mn spins.

Cro 8&Mno»Ge shows a double transition from a
paramagnetic to a helical magnetic state at T-13 K, and
to a mixed phase of helical and spin-glass-like ordering
with decreasing temperature. Both in the helimagnetic
state and the mixed state, the magnetic nature is inter-
preted in terms of the itinerant-electron picture. We con-
clude that the present reentrant transition is character-
ized in terms of an interacting spin fluctuation.
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