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The spin freezing process and the magnetic nature of reentrant spin-glass(RSG) and the ferromagnetic(FM)
phases of a typical reentrant ferromagnet Ni78Mn22 were investigated based on neutron depolarization analysis,
and the results were compared with the previous Mössbauer measurements[Phys. Rev. B64, 184432(2001)].
The wavelength-dependent polarization, under a field cooled(FC) condition, showed the damped oscillatory
behavior in both the RSG and FM phases, except in the temperature region just above the RSG temperature
TRSG,60 K. At a temperature of around 80 K, however, it showed a double oscillatory behavior. The field
integral I, which is proportional to the mean local magnetic induction, was deduced as a function of the
temperature. Two branches of temperature-dependent field integrals were found: a low-temperature
I low-branch, which has a small value ofI, stopped at a temperature below the Curie temperatureTC,160 K,
and a high temperatureIhigh-branch, which has a large value ofI, appeared just below 80 K. This means that
there are two kinds of magnetic environments, and they have different values of magnetization. This is
consistent with the observation of the double peak spectrum of the hyperfine field in the previous Mössbauer
measurements. The present neutron data and the Mössbauer data can be interpreted along a scenario of
reentrant behavior, which consists of the low-temperature spin canting state and the “melting of frustrated
spins” mechanism introduced by Saslow and Parker[Phys. Rev. Lett.56, 1074(1986)], except for the absence
of the observation of singularity in the temperature-dependent magnetization. Based on such considerations, we
constructed a comprehensive picture of the spin freezing process and the magnetic nature of the RSG and FM
phases in the reentrant ferromagnet.
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I. INTRODUCTION

Reentrant ferromagnets undergo a transition from a para-
magnetic to a ferromagnetic(FM) phase as the temperature
is lowered, and at lower temperatures, further transition to a
state known as reentrant spin-glass(RSG) occurs.1 This kind
of successive magnetic transition has been qualitatively un-
derstood on the basis of the mean-field picture, i.e., the
Sherrington-Kirkpatrick model for the Ising spin system,2 or
the model for the Heisenberg spin system introduced by
Gabay and Toulouse.3 Despite this understanding, some as-
pects of the intrinsic nature of reentrant ferromagnets remain
to be clarified, i.e., the magnetic nature of the FM and RSG
phases, and the spin-freezing process from the ordered phase
to the disordered phase. The mean-field theories have pre-
dicted the existence of a low-temperature “mixed” state be-
low a certain temperature in the ferromagnetic phase.2,3 This
is consistent with the observation, based on neutron depolar-
ization analysis, of long range ferromagnetic correlation in
the RSG phase.4 However, some studies of neutron
scattering5 and the dynamic behavior of magnetic
susceptibility6,7 indicate an equilibrium transition from the
ferromagnetic to the pure spin-glass phase. In addition, the
FM phase of the reentrant ferromagnet shows peculiar be-
havior that reflects the chaotic nature of this phase,8 in con-
trast to the robust nature of the regular ferromagnetic phase.
These characteristics, observed in the RSG and FM phases,
have not been sufficiently interpreted based on the mean-

field model. This ambiguity makes it difficult to understand
the spin freezing process in a reentrant ferromagnet.

In our previous study, mainly using the ac-susceptibility
and Mössbauer techniques, we examined the intrinsic prop-
erties of the RSG transition in57Fe-doped NiMn
sNi77

57Fe1Mn22d.9 The most remarkable feature was that the
distribution of the hyperfine field in the zero-field Mössbauer
data consisted of two peaks in the FM phase, and of one
antisymmetric peak in the RSG phase. Based on this finding,
we proposed the following picture of spin freezing in the
reentrant NiMn. In the FM phase, there are two groups of
spins with different relaxation times; one consists of spins,
with a shorter relaxation time, around a frustrated spin site
on which the spin is melting, the other of collinear spins with
a longer relaxation time. Upon lowering of the temperature,
the spin-glass correlation develops at the expense of spins
that have faster dynamics, and then diverges at the RSG
transition temperature. This kind of spin freezing process is
reminiscent of the reentrant behavior driven by the mecha-
nism of “melting of frustrated spins” introduced by Saslow
and Parker.10 It is the purpose of this paper to discuss the
spin freezing of a typical reentrant ferromagnet Ni78Mn22
based on complementary information provided via a tech-
nique that has a spatial resolution different from the spatial
resolution in the Mössbauer effect, which has an atomic scale
resolution and a magnetic measurement on a macroscopic
scale, which was used in the previous study.
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The neutron depolarization analysis is a useful method to
obtain information on a scale larger than 103 angstroms.11

Previous neutron depolarization analysis of reentrant ferro-
magnet Ni77Mn23 showed characteristics suggesting the ex-
istence of a ferromagnetic domain in the RSG phase.4,12As a
result, the low temperature irreversible magnetic behavior in
NiMn reentrant ferromagnet has been interpreted in terms of
the magnetic domain wall motion and the dynamics of mag-
netization in each domain. This is consistent with the
domain-anisotropy model, which has provided a macro-
scopic explanation of the magnetic behavior of the NiMn
system.13 In addition, we found that the field integral, pro-
portional to the amplitude of mean local magnetic induction
in the magnetic medium, showed a two-stage increase as the
temperature was lowered; i.e., the gradient of the
temperature-dependent field integral significantly changed
around the reentrant spin-glass temperatureTRSG.

12 This fea-
ture contrasts with the observation of the field integral in
conventional reentrant ferromagnets, in which it shows a
broad peak aroundTRSG and successively shows a slow drop
at lower temperatures.14 This kind of singular change in
NiMn reentrant ferromagnet must appear on a semimacro-
scopic scale, which is smaller than the spatial scale related to
the dynamics of domain wall and intradomain magnetization.
It is, therefore, hoped that examination of the characteristic
behavior of the field integral, in relation to observation of the
double distribution of the hyperfine field, can throw light on
the spin freezing mechanism in a reentrant ferromagnet.

In this work, the neutron depolarization analysis of a re-
entrant ferromagnet Ni78Mn22, which had the same Mn con-
centration as that used in the previous Mössbauer measure-
ment, was carefully performed as a function of the neutron
wavelengthl with a higher resolution than that used previ-
ously. A sample consisting of a mirror-polished disk that was
thinner than that used in the previous neutron depolarization
measurement was used in order to observe the detailed struc-
ture of the wavelength-dependent polarization. As a result,
we found two branches in the temperature-dependent field
integral aboveTRSG, which is analogous to the thermal evo-
lution of the hyperfine field in the Mössbauer measurement.
This was just as expected, given the mechanism of
“frustrated-spin melting” in the spin freezing process.10

Thus, the neutron depolarization data strongly supports our
characterization of the reentrant behavior deduced from the
Mössbauer measurement. After all, the change in the spin
configuration was consistently characterized at various tem-
peratures. Finally, we constructed a comprehensive picture of
the spin freezing process and the magnetic nature of the RSG
and FM phases in a NiMn reentrant ferromagnet.

II. EXPERIMENTAL PROCEDURE AND MAGNETIC
CHARACTERIZATION

The procedure for preparing the Ni78Mn22 was similar to
that for the Ni77Mn23:

12 Ni and Mn were arc-melted together
under argon in the desired composition, and the ingot was
homogenized for three days at 900°C and then quenched in
water. A plate of sample 0.825±0.005 mm in thickness was
cut from the ingot for the neutron measurement. A spherical

sample,1 mm in diameter and a small disc sample, having
the same demagnetization factor as that of the neutron
sample, were used for the magnetic measurements.

The neutron depolarization measurements were per-
formed using the polarized neutron reflectometer(PORE)
spectrometer at the cold neutron guide hall of the Booster
Synchrotron Utilization Facility at the High Energy Accel-
erator Research Organization(Tsukuba, Japan). All the inci-
dent neutron spins were polarized along thez direction. The
polarizationPsld along thez direction was measured in a
magnetic fieldH as a function of the wavelengthls2.6
−10.7 Åd, using the polarization analyzer just after the neu-
tron passed through the sample along thex direction, where
the sample plate was parallel to theyz plane. The present
wavelength resolutionsDl=0.036 Åd is four times higher
than that in the previous measurements.12 In the field cooling
(FC) procedure, an external fieldHcool of 1 kOe was applied
along the y direction, using an electromagnet during the
sample cooling to the lowest temperature in the present mea-
surements,7 Kd, and the polarization measurement was
performed on a heating run. The arrangement ofHcool andH
in the present neutron experiment is described in Fig. 1(a).

The magnetic measurement was performed using a com-
mercial superconducting quantum interference device mag-
netometer. The magnetic measurement of the spherical
sample was performed in a field applied parallel to the direc-
tion of Hcool. The temperature-dependent magnetization at
20 Oe[Fig. 2(a)] shows a Curie temperatureTC of ,160 K
and a reentrant spin-glass temperatureTRSGof ,60 K, which

FIG. 1. The geometry of the neutron experiment is shown in(a).
The neutron passes through the sample along thex direction, where
the sample plate is parallel to theyz plane. The magnetic field is
applied along thez direction. Under the FC condition, the magnetic
field Hcool is applied along they direction during the sample cooling
procedure. As shown in(b), the neutron polarization shows the
oscillatory behavior through the precession of neutron spinS in the
local magnetic inductionB. The amplitudeB and the angleu are
reflected in the oscillatory polarization data.
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values are slightly higher than those of the Ni77
57Fe1Mn22

sample used in the previous work(TC,150 K and TRSG
,50 K).9 Nevertheless, we decided to compare the present
results of the neutron study with the previous Mössbauer
data, based on the fact that the spin-freezing behavior of this
system is mainly dependent on the Mn content. The field-
dependent magnetization was measured after cooling the
sample down to a measuring temperature in a fieldHcool of
10 kOe, where the measurement was performed in a field
applied parallel toHcool. The spontaneous magnetization of
22.4 emu/g and the unidirectional anisotropy field of 290 Oe
were obtained at 6 K[Fig. 2(b)], and these values are com-
parable to those reported by Kouvel, Abdul-Razzaq and

Ziq.15 The low temperature evolution of unidirectional and
uniaxial anisotropy fieldsHd and Ha is shown in Fig. 2(c).
The unidirectional term of anisotropy disappears at tempera-
tures higher than 40 K, and the uniaxial term shows a maxi-
mum around 30 K and successively decreases as temperature
decreases. These characteristics are consistent with those re-
ported in the reentrant system of NiMn.16

In the additional magnetic measurement of the disc
sample, a magnetic field was applied perpendicular to the
direction of Hcool in a manner similar to that used in the
neutron measurement; i.e., the sample was rotated 90° using
a sample rotator(Quantum Design, California, USA) in a
zero field after cooling the sample to the measuring tempera-
ture in a field of 1 kOe. In Fig. 3(a), the low-field magneti-
zation curve at 8 K under the 90°-rotation condition is com-
pared with that measured in the conventional way. A small
and symmetric hysteresis is observed in the 90°-rotation
data, which is in contrast to the asymmetric shape of the
conventional data. The magnetization curves were obtained
at temperatures which were the same as those of the neutron
measurements. The 90°-rotation magnetization, measured at
various temperatures, is shown as a function of temperature
in Fig. 3(b). As temperature increases, the magnetization rap-
idly decreases below,50 K and shows a slow increase fol-
lowed by a plateau region, and decreases aroundTC. These
data will be directly compared with the neutron data.

III. EXPERIMENTAL RESULTS AND ANLYSIS OF
NEUTRON DEPOLARIZATION DATA

Figure 4 shows the typical zero field cooling(ZFC) and
FC features of the wavelength-dependent neutron polariza-
tion in a field of 90 Oe. At 8 and 40 Ks,TRSGd, thermal
irreversibility was significantly observed; oscillatory behav-
ior was seen in the FC data and monotonic decrease in the
ZFC data[Figs. 3(a) and 3(b)]. At 65 K s,TRSGd, the ZFC
and FC data similarly show oscillatory behavior[Fig. 3(c)].
At 80 K s,TRSGd, the oscillatory features observed in the
ZFC and FC data, respectively, are intrinsically the same
[Fig. 3(d)]. This wavelength dependence, observed just
aboveTRSG, cannot be expressed by a kind of damped oscil-
lation with a unique period. At higher temperatures, the os-
cillatory behavior contains only one period[Fig. 3(e)]. We
will analyze these kinds of wavelength dependence based on
the expressions shown in the following paragraph.

FIG. 2. ZFC and FC values of magnetization of Ni78Mn22 mea-
sured as a function of temperature in a field of 20 Oe(a). FC mag-
netization curves at 6, 25, and 40 K are shown in(b), whereHeff is
the effective field corrected for the demagnetization field. The uni-
directional and uniaxial anisotropy fields are evaluated based on the
magnetization curves in(c).

FIG. 3. (a) The magnetization of the plate
sample of Ni78Mn22 is measured as a function of
applied field, where the sample was rotated 90° in
a zero field after cooling of the sample to the
measuring temperature in a field of 1 kOe. In ad-
dition, the magnetization curve under the FC con-
dition with Hcool of 1 kOe, measured in a conven-
tional way, is compared with the 90°-rotation
data.(b) The FC magnetization, measured under
the condition of 90° rotation, is plotted as a func-
tion of temperature.
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Mitsuda and Endoh17 characterized the wavelength-
dependent polarizationPsld of a polarized neutron traveling
through a magnetic medium based on the classical treatment
by Halpern and Holsteinas.11 The characteristics ofPsld are
summarized as follows:

(1) For a large domain limit of the ferromagnet(mon-
odomain structure), a damped oscillatory wavelength depen-
dence, where the damping factor depends on the inhomoge-
neity of the magnetic induction in the sample, is observed.
Figure 1(b) shows the schematic drawing of the oscillatory
polarization, which originates from the precession of the
neutron spins induced by the magnetic inductionB in a
homogeneous ferromagnetic medium. The period of oscilla-
tion corresponds to the amplitude ofB, whereB,4pM in a
small applied field, and the average polarization is deter-
mined by the angleu betweenB and thez axis. This is useful
to characterize the magnetic structure on a semi-macroscopic
scale.

(2) For a multidomain state of the ferromagnet, the oscil-
latory behavior is washed out due to the random orientation
of the domains, and an exponential-type monotonic decrease,
where the exponent depends on the magnetization and the
size of magnetic domain, is observed. In addition, Dokukin
et al.18 proposed a modified expression of the wavelength-
dependent polarization based on the theory of polarized neu-
tron scattering given by Toperverg and Weniger.19 The ex-
pression contains the fluctuation of magnetic induction
parallel to the mean magnetic inductionkBl in addition to the
perpendicular component. Further, Krezhovet al.20 took into
account the effect of the width of the neutron pulse, and
deduced the following type of expression for the large do-
main limit under the condition of small distribution ofB

Psld = exps− c1l2dcos2u + A exps− c2l2dsin2u cossIl + fd,

s1d

and

I = CkBlL, s2d

where c1 and c2 are related to the width of distribution
of the magnetic induction parallel and are perpendicular to
kBl, respectively. The coefficientsA and f depend on the
width of the neutron pulse, the neutron flight path, and the
sample thicknessL. The field integralI, defined by Eq.(2),
can be used to determinekBl, where C=4.63
3102 cm−1 Oe−1 Å−1.17 Based on Eq.(1), we propose the
following modified expression applicable to the magnetic
medium comprised of two different magnetic regions with
different respective magnetic inductions,I low and Ihigh

Psld = exps− c1l2dcos2u + a A exps− c1l2d

3sin2u cossI lowl + fd + s1 − adA exps− c28l
2d

3sin2u cossIhighl + f8d, s3d

where a/ s1−ad is the volume ratio of the two magnetic
regions.21

Figure 5(a) shows the FC data, obtained in the applied
field of 90 Oe at 8 K, that characterizes the wavelength de-
pendence belowTRSG. The oscillatory behavior is well ex-
pressed by Eq.(1). When the applied field was below 60 Oe,
distorted oscillatory behavior was observed, although no
such behavior is shown in Fig. 5. This is because the polar-
ized neutron is depolarized, due to the stray field from the
sample, prior to coming into the sample. Just aboveTRSG, the
complex wavelength dependence of polarization, as observed
at 80 K, appeared[Fig. 5(b)]. This cannot be expressed by
Eq. (1), because the best fit based on Eq.(1) brings about
unreasonable values ofPs.1d at smalll, as shown in the
inset of Fig. 6. On the other hand, Eq.(3), which includes
two kinds of oscillatory terms, well expresses the complex
behavior(Fig. 6). At higher temperatures, Eq.(1) again be-
comes the suitable expression, as observed at 120 K[Fig.
5(c)]. After all, the wavelength-dependent polarization can
be well expressed by the single oscillatory term both in the
RSG and FM phases, except in the temperature region just

FIG. 4. ZFC and FC features of wavelength-
dependent neutron polarization of Ni78Mn22,
measured in a field of 90 Oe, are shown at 8, 40,
65, 80, and 120 K. At 8 and 40 Ks,TRSGd, the
thermal irreversible behavior is observed, but it
disappears at high temperatures above 80 K
s.TRSGd. At 65 K s,TRSGd, a marginal behavior
is observed.
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aboveTRSG. Thus, the essential domain structure of the FC-
RSG and FM phases in reentrant Ni78Mn22 can be interpreted
based on the large-scale ferromagnetic domain. However, the
sum of the two kinds of oscillatory terms, appearing just
aboveTRSG, is an observation that has not been detected in
previous studies. We demonstrate the meaning of the double
oscillation by the temperature-dependent behavior of the
field integral in the following paragraphs, thereby providing
a comprehensive picture of the spin freezing process of the
present reentrant ferromagnet.

Figure 7(a) shows the values ofI obtained from the FC
data at 90 and 60 Oe. In addition, the FC data in a low-field
s5 Oed and the ZFC values, obtained from the data in 90 Oe,
are plotted in Fig. 7(b), where the field integral can be ob-
served only aroundTRSG. The values ofI, calculated based
on Eq. (2) using the relationB=4pMs (Ms is the spontane-

ous magnetization deduced by the extrapolation using the
high-field magnetization data obtained between 2 and
10 kOe), are shown by the dotted curve in these figures. The
FC values ofI, obtained at 90 and 60 Oe, agree well with the
calculated curve below 40 K. As the temperature increases
above 40 K, the value ofI deviates downward from the cal-
culated curve. Around 80 K, the lower-valueI low, which was
deduced from the larger period term in the double oscillatory
function, is smoothly connected to the lower-temperature
values, and the higher-valueIhigh, corresponding to the
shorter period term, is almost the same as the calculated
value. At higher temperatures, the value ofI monotonically
decreases as the temperature increases, and follows along the
calculated curve. Therefore, there are two branches in the
temperature-dependent values ofI, which govern the corre-
sponding two temperature regions, below and aboveTRSG.
The thermal evolution of the FC value ofI in 5 Oe, observed
in Fig. 7(b), resembles that ofI low shown in Fig. 7(a), al-
though oscillatory polarization with a regular period is ob-
served only aroundTRSG. In addition, the ZFC data show the
oscillatory behavior at temperatures higher than 50 K. The
temperature-dependent ZFC value ofI is similar to that of
FC values at 90 and 60 Oe; i.e., the two branches ofI are
observed just aboveTRSG. Therefore, the observation of the
I low branch is intrinsically independent of both the cooling
condition and the amplitude of the applied field, although the
Ihigh branch is not observed in a field of 5 Oe. In addition, the
low-field polarization, measured at the higher temperatures,
shows no oscillatory behavior but does show monotonic de-
crease. This suggests that a field of 5 Oe is insufficient to
generate the monodomain configuration. Thus, the observa-
tion of theI low branch is independent of the domain configu-
ration.

Next, we evaluated thez component of magnetizationMz
based on the values ofI and u, where the value ofu is
determined by the first terms=cos2ud in Eq. (1) because the
second term includes an ambiguous parameterA.22 In Fig.
7(c), the temperature-dependent values ofMz are compared
with the magnetization obtained by the magnetic measure-
ment in the 90°-rotation procedure, where the double oscil-

FIG. 5. FC wavelength-dependent neutron po-
larization of Ni78Mn22, measured at 90 Oe, is
shown together with the theoretical curves. At 8
and 120 K, Eq.(1) is a good expression, but the
double oscillatory behavior is observed at 80 K,
which can be expressed by Eq.(3).

FIG. 6. Based on Eqs.(1) and(3), the best fits to the 80 K data
are shown. The fit based on Eq.(3) shows unreasonable behavior at
small l, as shown in the inset.
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latory data is analyzed in consideration of the volume ratio
of two magnetic regions. The two sets of data are intrinsi-
cally identical in the temperature regions below 40 K and
above 80 K, but the value ofMz, obtained based on the neu-
tron data, is significantly smaller than the magnetic data
aroundTRSG. This suggests that a portion of the spins do not
belong to the large magnetic domain corresponding to the
oscillatory polarization; i.e., the multidomain structure is
partly formed under the FC condition at temperatures around
TRSG.

IV. DISCUSSION

At temperatures lower than 40 K, the amplitude andz
component of magnetization evaluated based on the FC neu-

tron depolarization data essentially agree with the magnetic
data measured under the same conditions used for the neu-
tron measurement. This finding is consistent with those in the
previous study of the Mössbauer effect and ac susceptibility
of Ni77Fe1Mn22, indicating that spin-glass ordering homoge-
neously coexists with long-range ferromagnetic correlation
in the RSG phase. Now we discuss the reason why the large
z component of magnetization is observed despite the FC
procedure in a field of 1 kOe along the y direction, i.e., why
the net magnetization vector significantly cants from the di-
rection of Hcool. A similar situation has been observed in
previous studies of the reentrant NiMn system based on the
neutron depolarization experiment and the transverse ac sus-
ceptibility measurement. This has been interpreted in terms

FIG. 7. Temperature dependence of the FC
field integralI of Ni78Mn22, evaluated at 90 and
60 Oe, is shown in(a). The FC values ofI ob-
tained at 5 Oe and the ZFC values ofI obtained
at 90 Oe are plotted as a function of temperature
in (b). The calculated curve, obtained based on
the magnetization data measured at magnetic
fields between 2 and 10 kOe, is shown as a dotted
curve in both figures. Thez components of mag-
netization, evaluated fromI andu obtained in the
90 and 60 Oe, are compared with the magnetic
data(dashed curves) in (c).

FIG. 8. The FC feature of wavelength-
dependent neutron polarization of Ni78Mn22 mea-
sured at 65 K in various magnetic fields below
90 Oe is shown in(a). The values of the field
integral and cos2u, deduced from the FC data
measured at 57 and 65 K, are plotted as a func-
tion of the applied field in(b) and (c).
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of the domain reorientation induced in the process of de-
crease in magnetic field after the FC procedure. Thus, we can
estimate the resultant monodomain structure that consists of
domains having a magnetization vector canting from they
direction. This structure should be determined by four kinds
of terms: the effective fieldHeff determined by the applied
field and demagnetization field, the unidirectional anisotropy
field Hd, the uniaxial anisotropy fieldHa, and the effective
exchange fieldHex of coupling between adjacent domains.

In the temperature region of 50–75 K, the field integral
deviates downward from the magnetic data where there is a
difference between the values ofMz and the magnetization
data. This is followed by the double oscillatory behavior
above 75 K. This characteristic behavior can be interpreted
based on both the change in the domain configuration and
the change in spin configuration in a domain.

As mentioned in the previous work using Mössbauer mea-
surement, there are two kinds of distributions of the hyper-
fine field in the ferromagnetic region, which were assigned to
the spins with long and short relaxation times, respectively.
This distribution can be related to the double oscillatory be-

havior of neutron depolarization. In the temperature range
between 50 and 75 K, however, only theI low branch is ob-
served. In this region, the multi-domain structure is partly
formed as mentioned above. This washes out the oscillatory
behavior originating from the collinear spins with long relax-
ation time. Thus, theIhigh branch disappears. At temperatures
above 75 K, the application of magnetic field easily induces
the monodomain structure due to the low coercive field
s,10 Oed, and the contribution from the collinear spins re-
appears as the oscillatory polarization. This results in obser-
vation of theIhigh branch. On the other hand, theI low branch
can be explained based on the spins with short relaxation
times, which locate around the frustrated spin sites. Provided
the reduction of frustrated spin length is faster than that of
the average spin length at temperatures above 50 K, the ther-
mal fluctuation of spins around the frustrated spin site be-
comes remarkable. When the fluctuated spins combine into a
macroscopic magnetic region, the local magnetic induction
in this region becomes small compared with that of the col-
linear spins. Thus, the field integral deviates downward from
the evaluated value based on the magnetic measurement. As
the temperature further increases, the spin length at the frus-
trated spin site becomes very short and the melting of frus-
trated spin is brought about as expected, based on the simu-
lation study by Saslow and Parker.10 In this situation, the
spins around the frustrated spin site fluctuate severely and
the collinear spin component is thereby lost. Therefore,I low
decreases with increasing temperature toward zero at a tem-
peratureTk below TC.23

The local spin configuration around the frustrated site is
sensitively modified by application of magnetic field as dem-
onstrated by the systematic field dependence of wavelength-
dependent polarization measured at 65 K[Fig. 8(a)]. The
field integralI low, obtained at 57 and 65 K, increases as the
magnetic field increases[Fig. 8(b)] except in the low-field
region. This explains the field dependence of theI low branch,
as shown in Fig. 7. In addition, the value of cos2u also in-
creases with increasing magnetic field, where it starts from
,0 at H=0 [Fig. 8(c)]. This indicates that the spin around
the frustrated spin site roughly lies along they direction in a
zero field, and as the magnetic field increases, it turns toward
the z direction accompanied by an increase in spin length.

At temperatures betweenTk and TC, the length of ferro-
magnetic spins is so short the region of frustrated spins be-
comes microscopic and scarcely contributes to the neutron
polarization. Thus, only theIhigh branch is observed along the
temperature-dependent spontaneous magnetization.

We can schematically summarize the spin freezing pro-
cess after the FC procedure in Fig. 9.

(1) At temperatures below 40 K, the spin-glass order co-
exists with the long-range ferromagnetic correlation in the
monodomain structure.

(2) At temperatures between 40 K andTRSGs,60 Kd, the
multidomain structure, in which spin-glass order coexists
with the long-range ferromagnetic correlation, is partially
formed.

(3) At temperatures betweenTRSGand 75 K, the multido-
main structure, consisting of the collinearly aligned spins, is
formed. In a domain, the long-range spin-glass correlation
replaces the finite and macroscopic magnetic clusters con-

FIG. 9. The spin freezing process in reentrant ferromagnet
Ni78Mn22 after the FC procedure, schematically summarized. The
temperature range is classified into five groups:(a) T,40 K, (b)
40 K,T,TRSG, (c) TRSG,T,75 K, (d) 75 K,T,Tk, and (e)
Tk,T,TC. The gray and hatched regions represent the canted and
collinear aligned spins in(a)–(c), respectively. The white region
represents the fluctuating spins around the frustrated spin site in(d)
and (e). A detailed explanation is given in the text.
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sisting of canted spins, which are located around the frus-
trated spin site. Thus, two kinds of magnetic regions, one
with large and one with small magnetic inductions, coexist.

(4) At temperatures between 75 K andTk, the mono-
domain structure is easily formed in a magnetic field used in
the present work. The spins, located around the frustrated
site, fluctuated severely, and therefore have a very small
magnetic induction.

(5) At temperatures betweenTk and TC, the frustrated
spins melt and the length of the collinear spins becomes very
short. Thus, the canting of spin around the melted spin is
significantly suppressed and the corresponding region be-
comes microscopic. As a result, because of the semi-
macroscopic spatial resolution of neutron measurement, the
neutron spin only responds to the average magnetic induc-
tion in the sample. In contrast to this, Mössbauer measure-
ment, due to its atomic scale resolution, separately observes
the two magnetic regions. This results in the appearance of
two peaks in the distribution of the hyperfine field.9

This picture of the spin freezing process of reentrant
NiMn is consistent with the idea of melting of frustrated
spins, which was proposed for XY-type reentrant spin-glass.
However, the present work showed no trace of singularity in
temperature-dependent magnetization due to spin canting.
This is consistent with findings from the simulation study for
the frustrated Heisenberg system24 rather than with the ex-
pectation set out by Saslow and Parker. Nevertheless, based
on the comprehensive work using some experimental meth-
ods with different special resolutions ranging from the
atomic to macroscopic scale, we claim that the semimacro-
scopic inhomogeneity plays an important role in the spin
freezing in the reentrant spin-glass.

Finally, we explain the difference in the temperature-
dependent behavior of the field integral between the present
and previous depolarization measurements. This can be in-
terpreted based on the difference of resolution between the
apparatuses presently and previously used. The present mea-

surement, whose resolution is four-times higher than that in
the previous work, can reveal the detailed structure of
wavelength-dependent polarization, which has not been de-
tected in any previous work. Therefore, we conclude that the
two-stage change observed in the previous work is the coarse
observation of intrinsic behavior of the field integral.

V. CONCLUSION

The reentrant spin-glass behavior of Ni78Mn22, observed
in the Mössbauer measurements and neutron depolarization
analysis, was persuasively interpreted based on the mecha-
nisms of low temperature spin canting and melting of frus-
trated spins. We successfully propose a comprehensive pic-
ture of the spin freezing process and the magnetic nature of
the RSG and FM phases in the typical reentrant ferromagnet.
The picture is consistent with finding from the simulation
study by Saslow and Parker, except for the absence of sin-
gularity in the temperature-dependent magnetization. We
note that the anisotropic nature of the NiMn system, which
originates from the Dzyaloshinsky-Moriya-type interaction,
plays an important role in the spin freezing process in addi-
tion to its role in the semimacroscopic inhomogeneity. A
neutron depolarization study of a reentrant ferromagnet hav-
ing the magnetic anisotropy with a different amplitude is
planned in the near future.
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