
PHYSICAL REVIEW B VOLUME 41, NUMBER 16 1 JUNE 1990

Neutron depolarization in a reentrant spin-glass system: Amorphous Fe-Mn
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Polarization analysis of the transmitted beam has been performed in a reentrant spin-glass system

(Fe& „Mn„)75P]6B6A13 for several concentrations x starting from the true ferromagnet to the true

spin glass. The influence of some important parameters like the temperature, the sample thickness,

the neutron wavelength, and the applied magnetic field, as well as the cooling conditions, has been

checked. Large ferromagnetic domains of about 30 pm size are evident in the nonfrustrated alloy
(x=0.07). In the weakly frustrated samples (0.22(x &0.26), smaller domains of about 4 to 6 pm
are observed, which persist at low temperature. In the strongly frustrated x=0.30 sample, we ob-

serve a decrease of the domain size or of the internal magnetization at low temperature. The results

in the weakly frustrated alloys support the coexistence at low temperature of a long-range longitudi-

nal order together with frozen transverse spin components, in good agreement with the mean-field

predictions. The limits of the infinite-range mean-field model are shown in the sample close to the

critical point.

I. INTRODUCTION

Reentrant spin glasses (RSG's) can be defined by the
existence of a competition between ferromagnetic and an-
tiferromagnetic interactions —with a nonzero value of
the mean interaction —associated with a site or bond ran-
domness. The resulting "frustration" yields a very
specific phase diagram. %'ith decreasing temperature,
the system first undergoes a transition from the paramag-
netic to the ferromagnetic (or antiferromagnetic state) at
T„ then at a lower temperature Tf "reenters" a magnetic
state that resembles the usual spin-glass state. The ques-
tion to decide whether the reentrant spin-glass state is
really a broken-symmetry state or if it differs from the
usual spin-glass state has been the subject of many con-
troversies from both theoretical and experimental points
of view.

From the theoretical side, several pictures have been
proposed. In the mean-field model (MF) developed by
Sherrington and Kirkpatrick in the Ising case, then ex-
tended by Gabay and Toulouse to the Heisenberg case,
two transitions are predicted below T, : first a freezing of
transverse spin components associated with the oc-
currence of small irreversibilities, and then at a lower
temperature, another transition, reminiscent of the De
Almeida- Thouless one in pure spin glasses. In this mod-

el, the low-temperature state consists in a mixed phase,
since the long-range longitudinal order still coexists with
the frozen transverse spins. The existence of a freezing
process is also predicted in the local mean-field approach
recently developed by Saslow and Parker. In this latter
case, a decrease of the magnetization is predicted at low
temperature since the frozen spins progressively tip over
the nonfrustrated ones. Finally, in the inhomogeneous
picture of the random-field approach (RF) developed by
Aeppli et al. , T, is defined by the percolation of a fer-
romagnetic cluster that coexists with other small clusters.
At low temperature, the random fields induced by the
small clusters break the infinite one. Note that the RF
model is rather phenomenonological since clusters are as-
sumed to produce the random fields necessary to break
down the ferromagnetic order, whereas in the MF model
the temperature evolution is derived from the exchange
interaction only. Roughly speaking, the MF and RF ap-
proaches yield opposite predictions concerning the lovv-

temperature state: a long-range longitudinal order and
uncorrelated transverse spin components within the MF
model, a breakdown of the long-range order associated
with a finite correlation length in the RF one.

From an experimental point of view, reentrant spin
glasses have been extensively studied since they are ob-
served in a large variety of systems, either ferromagnetic
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or antiferromagnetic, crystalline or amorphous, insulat-
ing or metallic. The degree of frustration is easily con-
trolled by varying the concentration of the magnetic
species and/or the degree of positional disorder with an
appropriate heat treatment. However, the experimental
results do not easily permit choice between the above-
mentioned pictures. Measurements of the hyperfine field

indicate a freezing of transverse spin components that
favor the MF model. Low-field magnetization data re-
veal a strong decrease of the magnetization below T&,
which has been associated with a breakdown of the or-
dered state within the RF model, while it could be as
well interpreted by a blocking of domain walls. At low
temperature, the large hysteresis exhibited by the magne-
tization that depends on the cooling conditions supports
the existence of noncollinear spin components which
would induce a Dzyaloshinsky-Moriya type of anisotropy
as in usual spin glasses. However, these features do not
exclude the persistence, at least in the weakly frustrated
RSG's, of a longitudinal order within ferromagneticlike
domains. This latter conclusion was drawn from extend-
ed magnetization measurements in some NiMn, AuFe,
and a-FeMn, alloys with a rather low frustration charac-
ter, and recently confirmed by a direct observation of the
domains with electron microscopy.

In this respect, it is important to perform a systematic
study of the long-range scale with variation of the frus-
tration from the "true" ferromagnet or antiferromagnet,
to the true spin glass. A study of the spin-glass phase by
electron microscopy is dimtcult because of the lack of
magnetic contrast. In principle, a neutron measurement
of the magnetic Bragg peak as a function of temperature
and magnetic concentration would provide this informa-
tion since it measures the Fourier transform of the long-
range correlations. In the Ising antiferromagnetic system
FeMn Ti03, ' recent neutron measurements demonstrated
the coexistence of antiferromagnetic and spin-glass order-
ing and strongly suggested the existence of a phase
boundary between inixed and true spin-glass phases. In
reentrant ferromagnets, this experiment is extremely
dimcult since the ferromagnetic Bragg peak coincides
with a nuclear one of much larger magnitude, and very
few measurements have been performed so far. "

We have used the method of polarization analysis to
distinguish between the ferromagnetic long-range order
(LRO) and the other state of either normal spin glass or
reentrant spin glass. In unsaturated ferromagnets, the
precession of the neutron spins over a succession of large,
randomly distributed, ferromagnetic domains induces an
overall depolarization of the incoming polarized neutron
beam. ' The depolarization value of the transmitted in-
tensity depends on the sample thickness, the neutron
wavelength, and the field integral over a domain; that is,
on the domain size and magnetization. Note that since
this particular experiment implies a measurement of the
transmitted neutron beam and not of the scattered one, as
in a usual diffraction experiment, the measured intensity
is not related to the microscopic neutron-spin interaction.
It only reflects the precession of the neutron spin over the
rather macroscopic scale that corresponds to the mean
domain size.

The investigation of the ferromagnetic domains by the
means of neutron depolarization was initiated in pure
iron by Halpern and Holstein, ' and extended to three-
dimensional polarization by Rekvelt. ' As shown by
Mitsuda and Endoh, ' the study of the polarization as a
function of the neutron wavelength appears to be a very
important check of the models commonly developed to
analyze the depolarization data. The use of pulsed po-
lychromatic neutrons and of magnetic supermirrors per-
mits measurements of the depolarization in a wide wave-
length range of about 3-10 A. Such measurements were
performed in nonfrustrated ferromagnets like Fe85Cr» al-
loys. ' In this case significant differences in the wave-
length dependence were observed between the annealed
and the quenched sample and were related to an increase
of the domain size with annealing.

In reentrant ferromagnets, we expect a strong change
of the depolarization value with both temperature and
frustration character. No depolarization should be ob-
served when the magnetic disorder occurs on short scales
as in the paramagnetic or true spin-glass phase, whereas a
strong depolarization is expected in the ferromagnetic
state. In some weakly frustrated a-Fe& „Mn„alloys,
(0.22 & x & 0.26) preliminary measurements at fixed
wavelength' ' strongly suggested the existence of large
domains of a few microns size, which persisted below the
freezing temperature T&. By contrast a recent depolari-
zation study of a Feo 7A10 3 sample was consistent with an
inhomogeneous low-temperature state in which small fer-
romagnetic clusters were imbedded in spin-glasslike re-
gions. '

We present here a systematic study of the neutron
depolarization in a reentrant spin-glass system a-
Fe& „Mn„. The large range of concentration studied
(0.07&x &0.41) extends from the nonfrustrated fer-
romagnet to the true spin glass. For each sample, the po-
larization was measured as a function of wavelength and
temperature. The inhuence of some important parame-
ters like the sample thickness, the external field strength,
the cooling conditions, and the time or history depen-
dent, has been checked. The results have been analyzed
using low- and high-field magnetization data obtained on
the same samples and compared to the usual random-
field and mean-field models. Similar measurements per-
formed on two other systems, Ni, „Mn„and Au, „Fe„
will be published elsewhere.

II. SAMPLE DESCRIPTION AND CHARACTERIZATION
BY MAGNETIZATION MEASUREMENTS

Eight amorphous samples of (Fe, „Mn„)75P,686A13
(0.07 &x &0.41) have been prepared by the usual wheel-
barrow technique by Bigot and Peynot (Centre d' Etudes
de Chimie —Metallurgic, Vitry sur Seine). For the neu-
tron experiments the very absorbing ' 8 was replaced by
isotopic "B. The samples were cut in foils of about one
square centimeter surface whose thickness varied from
30-70 pm. The foils could be easily piled up in order to
change the total sample thickness. The alloys were
characterized by means of low-field magnetization mea-
surements (Fig. 1) from which a typical phase diagram
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FIG. 1. Low-field magnetization as a function of temperature
for several a-Fe~ „Mn„alloys. The applied field is equal to 20
Oe. The magnetization is measured in the zero-field-cooled
state (solid line) and in the field-cooled state (dashed line). Inset:
Typical phase diagram deduced from those measurements.
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could be obtained (inset of Fig. 1) in good agreement with
previous determinations. Depending on concentration,
the following temperatures are commonly defined: T,
and Tf, respectively, locate the paramagnetic to fer-
romagnetic transition and the occurrence of strong ir-
reversibilities in the system, whereas TsG corresponds to
the paramagnetic to spin-glass (SG) transition. Accord-
ing to the phase diagram, the x =0.07 sample behaves as
a usual ferromagnet (T, —525 K). The x =0.22, 0.235,
0.247, and 0.26 samples correspond to rather weakly frus-
trated alloys in which the Curie and freezing temperature
are far from each other (200( T, (300 K, Tf -20 K}.
These four samples have been previously studied by
small-angle neutron scattering' and inelastic scatter-
ing. ' The x =0.30 and x =0.32 samples are very frus-
trated and close to the tricritical point (x =0.35). The
x =0.41 sample is a true spin glass.

Note that the onset of strong irreversibilities around
Tf is rather ambiguously defined. In the inset of Fig. 1,
Tg is defined as in the previous measurements of
Mannheimer et al. from the sharp decrease of the low-
field magnetization. This temperature roughly corre-
sponds to the temperature below which the coercive field

H, strongly increases, whereas a maximum is observed
in the magnetic viscosity and in the imaginary susceptibil-
ity. Weak irreversibilities occur well above Tf, as
shown in Fig. 1, when considering the zero-field-cooled
(ZFC) and field-cooled (FC) curves. The occurrence of
weak irreversibilities in this temperature range could be
"elated to the freezing of transverse spin components as
predicted by the MF theory and discussed in the follow-
1Ilg.

Magnetization measurements performed in high mag-
netic field at low temperature (H ~ 15 kOe, T-11 K)
(Fig. 2) show for the nonfrustrated or weakly frustrated
alloys a sharp increase of the M(H) curve followed by a
technical saturation plateau. This behavior is similar to
that observed in conventional ferromagnets in which the
magnetic field aligns large domains by suppressing the
Bloch walls. However, a residual slope persists at high

FIG. 2. Magnetization as a function of applied field at low
temperature ( T-11 K) in the a-Fe& „Mn„system.

fields in the M(H) curve of the frustrated alloys, which
suggests the persistence of some disorder within the
domains. ' When increasing the frustration, the knee in
the M(H) curve smears out and it finally disappears in
the true spin-glass sample.

III. EXPERIMENTAL DETAILS

The depolarization measurements were performed at
fixed wavelength A. in the Orphee, Institut Max von
Laue-Paul Langevin (ILL), and Brookhaven reactors, and
as a function of A. in the pulsed neutron source of Nation-
al Laboratory for High-Energy Physics (KEK}at Tsuku-
ba, during a visit of one of the authors (I.M.). The exper-
imental setup was basically the same for all experiments.
A complete description can be found in Refs. 14 and 16.
The incident neturon beam was polarized by a magnetic
FeCo mirror assembled as curved Sollers slits. The polar-
ization axis, defined as the z axis, was vertical in most
cases. The incomplete beam polarization of the mirror
was taken into account by measuring the polarization
without the sample or with the sample in the paramag-
netic state. The beam transmitted through the sample
was analyzed in the z direction by using a similar magnet-
ic mirror. Thus only the z-z component of the depolari-
zation matrix was determined. The incident neutron spin
state (parallel and antiparallel to the z axis) was changed
using either a Mezei or a Drapkin type of flipper, the flip-

ping efficiency being around 0.98. Magnetic guides were
used to maintain the neutron polarization before and
after the sample. The magnetic field at the sample posi-
tion, which was applied along the z axis, could vary from
0 to a few hundred Oe; most experiments being per-
formed in a low field of 5 or 7 Oe. The sample tempera-
ture was varied from 300 to 10 K using a cryogenerator.

A very short wavelength was used on the D5 spectrom-
eter of ILL (A, =0.8 A) and at the Brookhaven reactor
( A, =2.36 A). Measurements on the spectrometer PADA
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at Orphee (A.=5 A) could be performed with a very high
value of the incident neutron polarization (P0~0.97},
which allowed measurement of a very low sample depo-
larization with an excellent precision. Measurements on
the neutron spin-echo rnachine at Orphee were made
with a longer wavelength A, =7 A. In this case, the sam-
ple depolarization could be measured in a zero applied
field since the earth field was sufficient to guide the neu-
trons. Finally, most results were obtained on the TOP
spectrometer (KEK) where the use of a polychromatic
neutron beam permitted measurement of the wavelength
dependence of the sample depolarization continuously in

the range 3-10A.

(0.22&x &0.30), depolarization occurs below the Curie
temperature. This depolarization is much more pro-
nounced in the weakly frustrated samples
(0.22&x &0.26) than in the x=0.30 one in which P
remains close to unity. We note that the flipping ratio of
this latter sample shows a well-defined minimum. At low
temperature it almost recovers its value in the paramag-
netic state. Finally, no depolarization is observed in the
x=0.32 and x=0.41 samples. In order to get some
quantitative information from the depolarization data, we
have checked the influence of the other parameters: sam-
ple thickness, neutron wavelength, and applied magnetic
field.

IV. RESULTS AND ANALYSIS

Before discussing the experimental results, we briefly
summarize the theoretical predictions concerning the po-
larization in the paramagnetic, ferromagnetic, and spin-
glass state. As shown in Refs. 12-14, the polarization is
simply related to the Larmor precession of the neutron
spin around the magnetic induction B in the sample. In a
paramagnet, the spin fluctuates over a very short-time
scale compared to the typical Larmor time for the preces-
sion and the neutron spina do not follow the B(t}varia-
tion. In a true spin glass, where the spins are frozen in
quasirandom orientations, the spatial variations B(r= ut )

are very short. The neutron spins passing through the
sample with velocity v do not follow the spatial fluctua-
tions of the induction either. Consequently, no depolari-
zation occurs in both cases. In a ferromagnet, the polar-
ization depends on how long the local induction remains
in a given direction compared to the Larmor time. As-
suming that this direction is unchanged within a domain
and changes abruptly from one domain to another, the z-
z component of the polarization is written

B„+B
P(A, ) = 1 —[1—(cos(cB5A, ) )&] B2

d/5

where ( )& and ( ) ti are, respectively, the average over
the size of domains and orientation of local induction in
each domain. 5 is the mean domain size (cm), d the sam-
ple thickness (cm), B the local induction in a domain
(Oe). The constant c(c =gm /2M) is equal to
4.63X10 within these units. For typical values of the
magnetic field and neutron wavelength (8=5000 Oe,
A. =S A), the domain size corresponding to one Larmor
precession (cBM. =2m ) is around 54 pm. Several
simplified expressions of Eq. (1) can be derived in some
limiting cases according to the value of eB5A, , as shown
previously' and recorded in the following.

In the a-Fe& Mn system, Fig. 3 shows qualita-
tively how the frustration influences the polarization
value. The flipping ratio R and polarization P,
(P=[(R —1}/(R+1)]/Po, where Po is the polarization
without the sample) are plotted versus temperature for
several alloys measured in the same experimental condi-

0
tions (H=5 Oe, A. =5 A}. The nonfrustrated x=0.07
sample strongly depolarizes the neutrons in the whole
temperature range of experiment. In the reentrant alloys

A. Polarization dependence with respect
to the sample thickness

As shown in Fig. 4, the polarization measured in the
ferromagnetic phase of the reentrant alloys strongly de-
creases with increasing the sample thickness d. The effect
of the sample thickness is observed at all temperatures
below T, in the weakly frustrated x =0.235 alloy [Fig.
4(a}]. In the low-temperature state of the x =0.30 alloy
[Fig. 4(b)], the polarization returns towards one but a
slight influence of the sample thickness remains visible in
the value of the flipping ratio. By plotting the polariza-
tion in logarithmic scale for several thicknesses [inset
Figs. 4(a) and 4(b)], we obtain straight lines that encom-
pass the origin. The fact that P varies with e is
justified in the following by considering the formula de-
rived from Eq. (1}. Note that no effect of the sample
thickness is observed in the x =0.41 sample that is purely
spin glass. In the following, most measurements, except
those performed on the x =0.30 sample, concern a single
amorphous foil: this ensures a very low demagnetization
factor (N /4n =4 X 10 in the sample plane) and
prevents the existence of stray magnetic fields within the
foils.

B. Polarization dependence
with respect to the neutron wavelength

In this section, we mainly consider measurements per-
formed in a low applied field of 7 Oe. The influence of
the applied field will be discussed in a following section.
%e analyze first of all the general features of the polariza-
tion below T, then focus on the low-temperature regime.

The intermediate temperature range

In Fig. 5, the polarization is shown versus the neutron
wavelength k in the x =0.07, 0.235, and 0.30 samples, for
typical field and temperature values. Clearly the P(A, )

variations are very different in the three samples. In the
x =0.07 sample (nonfrustrated), P(A, ) shows an oscillato-
ry behavior that can be well fitted by a simple cosine law.
In the x =0.235 sample (weakly frustrated), P varies like

—A.
2

e below T, . Finally, in the x =0.30 sample, P shows a
rather complex behavior as a function of A, which is

—X2
somehow intermediate between the e and e varia-
tion.

In the x =0.07 sample [Fig. 5(a)], the existence of a
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P(k)=c, +c,cos(c, A, +c4) . (2)

By comparing Eq. (2) to Eq. (1) we notice that c& corre-
sponds to the mean induction over the sample

cosine law for the P(A. ) variation can be easily derived
from the general equation (1) by assuming that all the
domain have a unique size that is comparable to the sam-

ple thickness (d/5-1). The polarization data have been
fitted by the empirical expression:

(c& =1—f,8„+8 ) /8 ); the inverse period of oscillation
c3 is related to the domain size 5 (c3=(c85)). From
Eq. (1) the amplitude of oscillations c2 should be equal to
l —c

~
and the phase term c4 should be zero, to verify the

limiting condition P(k =0)= 1. The addition of a c4 term
in the cosine law allows to take into account possible
phase shifts related to the fact that the polarization vec-
tor inclines against the external field axis, due to stray
fields from the sample. A fit of the polarization data for
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Fitpplng ratt«[Ftg. 3(a)] and polarization P [Fig. 3(b)] as a function of temperature in the a-Fe, „Mn„system. These
measurements were performed on the spectrometer PADA, with single foils of the amorphous samples (25 (d &70 pm). The neu-

0
tron wavelength was A, =S A and the applied magnetic field H=5 Oe. The measurements correspond to a field-cooled state {see the
following). The arrows indicate the Curie temperatures.
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the lowest field of 7 Oe yields the values (0.379, 0.1097,
1.279, and —0.256) for the parameters c& to c4, respec-
tively. In this low field, the internal field 8 in a domain is
well approached by the saturated magnetization
(B=8900 emu/em at 289 K). From the value of B and
c3 we deduce 5—3 1 pm, a value close to that of the sam-

ple thickness d =35 pm.
In the x =0.235 sample [Fig. 5(b)], as well as in the

other weakly frustrated alloys (0.22 &x & 0.26), the
Gaussian variation of the polarization with k can be well
explained by the existence of "small" domains within
which the neutron spins precess only a part of their Lar-
mor precession. As shown in Ref. 14, in the limiting case
cBSA, «2m, the general expression is then well approxi-
mated by

X = 0.07
T = 289K
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FIG. 4. Polarization dependence with the sample thickness.
(a) In the weakly frustrated x=0.235 sample. Polarization vs

temperature for several sample thicknesses d (d =50(+ ), 75(V),
125 pm (o). The measurements are performed on the spin-

0
echo machine with A, =7 A, in a zero applied field. Inset: Loga-
rithm of the polarization measured at low-temperature versus d.
(b) In a strongly frustrated x =0.30 sample. Polarization vs T
for d =25(+ ), 100(~}, and 200 pm (O ). Inset: Logarithm of
the polarization measured at 80 K vs d.

FIG. 5. Polarization dependence with neutron wavelength X.
The polarization has measured on the spectrometer TOP for
several applied fields and several temperatures below T, in the
(a) x =0.07, (b) x =0.235, and {c)x =0.30. Measurements refer
to the zero-field-cooled state. The lines are fits to the data ac-
cording to a cosine law (dotted line), an exponential law (dashed
line), or a Gaussian law {solid line) (see the text).
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P(X)-(1—
—,'"(8'+8') fi'~')""

which is the first-order term of a Gaussian law
2

P e Ex'.

(3)

In expression (4) the parameter a is equal to ,'c—8d5
in case of complete random domain orientation
((8„+8») =—', 8 ). Here we expect that in a low applied
field, the domain will be almost randomly distributed in
the sample plane yz due to demagnetization effects
(N =N, «N„). In this latter case, a is equal to
—,'c 8 d5 since 8„=Oand (B~ ) =

—,'8 .
As shown in the next paragraph, by fitting the data

with Eq. (4) and comparing the a(T) variation to that of
the squared magnetization, we evaluate a typical domain
size 5 of about 5 pm in the x =0.235 sample and in the
other weakly frustrated alloys (0.22 &x & 0.26). We note
that this size is still that of a macroscopic scale but is
smaller than that measured in the nonfrustrated x =0.7
sample.

In the strongly frustrated x =0.30 sample [Fig. 5(c)],
some discrepancy appears when fitting the data by a
Gaussian law. This occurs even in the ferromagnetic
phase (see the curve for T= 82 K), which suggests that
there is no simple domain structure when approaching
the critical concentration, as discussed in the conclusion.
However, we cannot be sure that this observation is in-
trinsically related to the frustration. In this sample, the
P(A, } variation might have been somehow changed due to
the influence of stray fields within the sample foils, since
here, eight foils had to be piled up in order to obtain a
measureable depolarization signal on the TOP spectrome-
ter.

2. The lou-temperature regime

At low temperatures, the polarization of the weakly
frustrated alloys still obeys a Gaussian dependence with A,

but shows some irreversibilities depending on the cooling
conditions. We shall now describe in more detail the
measurements performed in the x =0.235 sample. Very
similar results are observed for x =0.26.

The influence of the cooling process on the depolariza-
tion measured in very low field has been evidenced by two
experiments. In the first one we have measured the po-
larization when cooling the sample either in zero field
(ZFC state) or in the 7-Oe field of measurement (FC
state). As shown in Fig. 6(a) the ZFC and FC curves
separate from each other below about 90 K. In the
lowest-temperature range ( T & 30 K), we observe a strong
decrease of the ZFC polarization and a slight increase of
the FC polarization. In the second experiment, the sam-
ple was cooled in a 7-Oe field down to a temperature To,
then the field was cut off, while the sample was cooled
down to the lowest temperature (11 K) and, finally, the
polarization was measured in a 7-Oe field at 11 K. The
polarization measured at 11 K is plotted versus To in Fig.
6(b). Above the To value of 90 K, P is close to its value
measured at 11 K in the ZFC state. Upon further de-
creasing To, P increases and becomes close to its value
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02,~ ZFC
+

)Tf
i

TGT
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0 100
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x = 0235
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FIG. 6. Influence of the field cooling on the polarization. (a)
Irreversibilities of the depolarization in low applied field (H=7
Oe) in a x =0.235 sample (d =60 pm). The polarization is mea-
sured as a function of temperature T for the wavelength A, = 5 A.
ZFC (+) and FC (O ) refer respectively to the zero-field-cooled
and field-cooled state. (b) Polarizability measured at 15 K in 7
Oe as a function of temperature To. The sample has been
cooled in a 7-Oe field down to T&, then cooled in zero field
down to 11 K.

measured at 11 K in the Fc state. Below a To value of
about 30 K, P remains roughly independent of To. Both
experiments suggest the existence of two transitions
below T, : one around 90 K, the other one at a lower
temperature.

As already shown, the P(A. ) variation in a low field of 7
QA,Oe obeys a Gaussian law (e ) in the whole tempera-

ture range below T, . This observation could be checked
whatever the cooling process. In Fig. 7(a) we have re-
ported the temperature dependence of a, deduced from
the measurements of Fig. 6(a), in comparison with that of
the square of the technically saturated magnetization
M (T}. Above 90 K a is proportional to M (T). Below
90 K, M ( T) remains roughly constant, whereas some ir-
reversibilities appear in the a( T) variation, depending on
the cooling process.

We note that, in the same x=0.235 sample, small-
angle neutron scattering measurements (SANS) in the q
range of 10 —10 ' A ' have shown a sharp increase of
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FIG. 7. Temperature dependence of the parameter a in a
x=0.235 [Fig. 7(a)] and x=0.30 [Fig. 7(b)] sample. a is ob-

—ak,tained by a fit of the polarization with a Gaussian law e {see
the text). ZFC (+ ) and FC ( o ) refer respectively to the zero-
field-cooled and field-cooled state. Dashed line: Magnetization
measured in a field H of 2 kOe vs temperature.

the SANS intensity belo~ 90 K.' This signal could be
attributed to the freezing of transverse spin components
thanks to measurements in applied field. Below this
temperature, weak irreversibihties begin to occur in the
low-field magnetization (Fig. 1). Thus the temperature
TOT of 90 K, which can correspond to the Gabay-
Toulouse transition from a ferromagnetic to a canted
state at a microscopic scale ( «100 A), also locates the
occurence of irreversibilities in the domain motion.

Accordingly, we interpret the depolarization results of
Fig. 7(a} and 8(a) in the following way. In a low applied
field of 7 Oe, the total internal field within the sample is
zero, and the internal field within a domain is weil ap-
proached by the magnetization measured at the limit of
the technical saturation plateau (8 =4maM where a is the
sample density of 5 g/cm and M the magnetization in an
applied field of about 2 kOe). According to Eq. (2)
(a =

—,'c B d5), the fact that a( T) and M ( T) above 90 K
are proportional shows that the domain size 5 remains
constant in all the ferromagnetic phase and that the de-
crease of polarization simply corresponds to the thermal

increase of the longitudinal spin component. From these
results we can evaluate a 5 value of about 5 pm in the fer-

romagnetic phase (T & ToT }. Below ToT, the longitudi-
nal magnetization within a domain no more increases (M
becomes independent of T), but spin canting occurs, asso-
ciated with a further increase of the total spin length.
Concomitantly, the spin canting induces an anisotropy of
the Dzyaloshinsky-Moriya type which reduces the
domain wall mobility, leading to irreversibilities in the
polarization. These irreversibilities become very strong
in the lowest-temperature range (T-30 K). We note
that we observe in the same sample a sharp increase of
the coercive field below about 25 K. The freezing tem-

perature ( Tf- 12 K—) determined from the low-field mag-

netization data is slightly lower. We think that all these
features reflect the same physical phenomenon, namely a
more complete freezing of the Bloch walls, but illustrate
also the difficulty in determining a unique freezing tem-
perature from different macroscopic measurements.

Considering the shape of the ZFC and FC curves of
Fig. 6(a), we assume that in a 7-Oe field, a perfect randoin
domain orientation is only obtained when the domains
are frozen below 11 K in the ZFC state. When increasing
T from 11 K in the ZFC state, the domains slightly rear-
range on the direction of the 7-Oe field, leading to an in-
crease of the polarization. Similarly, the increase of the
polarization in the FC state can be explained by slight re-
orientations during the field cooling. Thus in the case of
the weakly frustrated x =0.235 and x =0.26 samples, we
interpret the low-temperature irreversibilities of the po-
larization, by some modification of the domain
configuration but not of the domain size or magnetiza-
tion. To support this interpretation, we note that in the
same alloys the polarization measured at large wave-
length in a zero applied jield is almost temperature in-
dependent in the low-temperature range [see Fig. 4(a) and
Ref. 6].

We insist on the fact that in order to determine the
domain size from the depolarization measurements per-
forined in a 7-Oe field, we have used the magnetization
measured at the onset of technical saturation, namely in a
2-kOe field, and not the low-field magnetization. This
latter quantity does not reflect the internal induction
within a domain since it is influenced by dipolar effects
and domain wall blocking. In the low frustrated samples,
a 2-kOe fieM mainly aligns the domain walls but does not
significantly alter the internal magnetization within a
domain with respect to its value in zero field. ' '

The situation is rather different in the x =0.30 sample.
As shown in Fig. 2, the technical saturation plateau in
the magnetization curve is not well defined and the
M (T) variation in a 2-kOe field is smeared around T,
compared to the a(T) variation. Clearly, in this sample,
the 2-kOe field does not only suppress the domain walls,
but it also tends to align the spins in a more microscopic
way. These results suggest that there are no well-defined
domains and Bloch walls in this case and thus that we
cannot determine the domain size and magnetization sep-
arately. The most important result remains the decrease
of the mean-field integral 8 (T)5(T) at low temperature.
By assuming that the main phenomenon is due to the de-
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crease of 5(T), a very schematic picture can be given.
Below T, an imperfect ferromagnetic order settles in,
with no clear distinction between the Bloch walls and the
domains. The typical correlation length 5 is about 1 JMm.

When lowering the temperature, 5 decreases. Below
about 60 K, the decrease of 5 overcomes the thermal in-
crease of the magnetization, leading to an increase of the
polarization. A residual depolarization remains at low
temperature [Fig. 4(b)], which shows that the low-

temperature state still keeps some rather long-range
0

correlations (5-2000 A). Another explanation of the ob-
served experimental results would also involve a decrease
of the domain magnetization at low temperature.

C. Polarization dependence with the applied field

1.0

0.0

0.6

00,125 Oe

~ ~

40 Oe

step function magnetic field H is applied during a time in-
terval td (state 8) and finally the polarization is measured
during several time intervals in the 7-Oe field (state C).
In Fig. 9, we have compared the evolution of the polar-
ization at three temperatures within the same experimen-
tal conditions (H = 125 Oe, td =5 min). At 80-K, state A

and C are almost identical, which means that the domain

In this section, we briefly summarize the behavior of
the polarization with increase in the applied field above 7
Oe. In all samples, the polarization increases with in-
creasing applied field H and becomes close to unity when
H becomes greater than a hundred Oe. This effect simply
corresponds to a reorientation of the domains along the
field axis. Above 100 Oe, the residual depolarization is
wavelength independent, which shows the presence of
large domains in which the neutron spins make many
precessions. Note that this latter case can be derived
from the general expression (1) in the limiting case
c85A, »2~.

In the x =0.07 sample [Fig. 5(a)], the increase of the
average polarization occurs concomitantly with a de-
crease of the amplitude of the oscillations cz which can
be qualitatively understood by a decrease of the com-
ponent of the induction B perpendicular to the field.
The frequency of oscillations c3 increases since the
domain size 5 increases.

—k.2In the x =0.235 and x =0.26 samples (Fig. 8), the e
variation is no more obeyed above 7 Oe and P(A, ) can be
approached by a phenomenological law e ~~ with P
strongly decreasing with increasing field [Inset Fig. 8(a)].
The influence of field cooling is not observed above 7 Oe.
However, the freezing of the domain motion due to the
canting can be evidenced above 7 Oe by some hysteresis
in the polarization. As shown in the inset of Fig. 8(a),
when decreasing applied field from 125 Oe at low temper-
ature, a large hysteresis appears in the polarization value.
This hysteresis disappears when approaching the Gabay-
Toulouse transition [Inset Fig. 8(b)].

In the x =0.30 sample, the increase of the applied field
induces damped oscillations that cannot be fitted by any
simple law [Fig. 8(c)]. The damping could be related to a
distribution of the correlation lengths as shown in the
case of FeA1. '
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D. Time-dependent eft'ects

We have performed a few experiments to test the
viscosity of the domain motion in the irreversibility re-
gion of the x =0.26 sample. The procedure is similar to
that used in the case of FeA1. ' The sample is cooled in
the ZFC state at the temperature of measurement and the
polarization is measured in a 7-Oe field (state A). Then a

FIG. 8. Polarization dependence with the neutron wave-
length for various applied fields H. (a) in the x =0.26 sample at
15 K. (b) in the x=0.26 sample at 75 K. (c) in the x=0.30
sample at 78 K. In (a) and (b), the lines are fits to the data with

AA.a Gaussian law e (solid line) or with an exponential law
e ~ (dashed line). Inset of Fig. 8(a) and 8(b): Polarization mea-
sured at A, =5 A and the parameter P deduced from the fit as a
function of H. Note the large hysteresis of the polarization in
8(a).
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FIG. 9. Time dependence of the polarization in a-FeMn. Po-
larization vs the wavelength A, at several temperatures in the
state A (o ), 8 (0), and C described in text. In state C, the po-
larization has been measured in the time intervals 0 & t & 5 min
10), 10 & t & 20 min (6 ), and 150 & t & 180 min (same results as
for 6).

length, and the applied magnetic field, we can deduce a
typical domain size 5 in a very low or zero magnetic field,
which corresponds to the scale of the longitudinal corre-
lations. The 5 values are reported in Table I as a function
of x. In the nonfrustrated sample (x =0.7), the polariza-
tion oscillates with A. with a simple cosine law, which
means that the domain size is rather large and compara-
ble to the sample thickness (5-31 pm). In the reentrant
alloys 5 is strongly reduced. Interestingly enough, al-
though the susceptibility and low-field magnetization ex-
hibit a rather unique behavior with temperature for all
the reentrant alloys (the well-known bell shape), we ob-
serve qualitative differences in the polarization, depend-
ing on the amount of frustration. In the weakly frustrat-
ed samples (0.22 &x &0.26) the polarization varies likee, which can be interpreted by the existence of
domains of about 4-6 pm. This domain size does not
change with temperature down to the lowest temperature
as shown by measurements in zero field. Irreversibilities
of the polarization at low field and low temperature are
interpreted by a blocking of the domain motion due to
the occurrence of the canted state, rather than by a
change of the domain size. By contrast, in the strongly
frustrated x=0.30 sample, the sharp minimum of the
P( T) curve indicates a decrease of either the domain size
or magnetization with temperature. Most probably an
imperfect ferromagnetic order settles in, with no clear
distinction between the domains and the Bloch walls, so
that both phenomena would occur together. By assum-
ing that the 5 variation is predominant, we obtain a typi-
cal 5 size of about 1 pm below T„decreasing to about

0

2000 A at low temperature. Finally, in the x =0.32 sam-
ple which is close to the critical point of the phase dia-
gram, no depolarization is observed as in the true spin
glass x =0.41 which shows that 5 is smaller than 2000 A.

In ferromagnets, the size of the domains mainly results
from a competition between the exchange and dipolar en-
ergies. We can therefore understand the observed de-
crease of the domain size with Mn concentration as a re-
sult of the decrease of the magnetization. In the weakly
frustrated reentrant spin glasses, the typical domain size
5=5 pm is in good agreement with that measured by
electron microscopy. The persistence of domains at low
temperature associated with a strong depolarization in

structure follows the changes of applied field immediate-
ly. At 40 K, state C relaxes towards state A within a few
hours. Finally at 16 K, the relaxation is so slow that it
could not be observed within the time of experiment.
The results clearly show that the strong increase of the
coercivity observed at low temperature in the magnetiza-
tion is related to a freezing in the domain motion.

V. CONCLUSION

We have measured the depolarization in a reentrant
system a-Fe& Mn by varying the concentration x from
the case of the conventional ferromagnetic (x =0.07) to
that of a true spin glass (x=0.41). By checking the
in6uence on the depolarization of several important pa-
rameters like the sample thickness, the neutron wave-

0.07
0.22
0.235
0.247
0.26
0.30
0.32
0.41

6(pm)

31
4
7
6
5

1.7'
& 0.2
& 0.2

d(pm)

35
70
45
44
45
25
25
50

'Decreasing to about 2000 A at low T.

TABLE I. Typical domain size 5 in pm as a function of con-
centration x in the a-Fe, „Mn„system. 6 is deduced from the
low-field depolarization data (0 H ~ 7 Oe). The typical sample
thickness d in pm is also quoted.
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Low H "H Strong H

(a} T ~Tc

( b ) TC & T & TGT (b } Tc &T &TGT

t t t t

t t

t t t

(c) T& TGT (c ) T & TGT

FIG. 10. Schematic picture of the domain configuration in a
weakly reentrant alloy. The system is shown either under a low
applied field H of zero to a few Oe {left part of the figure) or un-
der a strong field of a few kOe, which aligns the domains but
does not suppress the canted state (right part of the figure).
When decreasing the temperature, we observe the following: (a)
the paramagnetic state T) T„(b) the ferromagnetic state
T, & T & TGT, and (c) the canted ferromagnetic state T & TGT.
At low temperature, T& Tf & TGT, the domain configuration
looks basically the same, but strong irreversibilities occur in the
domain motion. Note that a very strong field (H-200 kOe)
would be necessary to suppress the canting {Refs. 15 and 21).

zero applied field [Fig. 4(a)], confirms the predictions of
the classical mean-field model of Gabay and Toulouse
with infinite range of interactions. By contrast, the be-
havior of the x=0.30 sample, shows that when ap-
proaching the critical concentration, short-range interac-
tions become dominant so that the frustration induces a
decrease of the domain size or internal magnetization at
low temperature. This reveals the limits of the classical
MF theory near the percolation threshold. A decrease of
the domain size is indeed predicted by the random-field

approach. However, in all cases, the 5 size which is near-
ly macroscopic (from 5 pm to about 2000 A near the crit-
ical point) is much greater than the typical correlation
length deduced from SANS experiments within the RF
model (5-10A). The local mean-field approach recently
developed by Saslow and Parker, which predicts not
only a canting transition but also a decrease of the inter-
nal magnetization at a still lower temperature could be
more suitable to our results. Anyway, like in EuSrS, we
must admit that the inhomogeneities of rather short scale
which are observed by SANS are imbedded in domains of
much larger scale. The occurrence of canting modifies
not only the microscopic scale studied by SANS, but also
the domain motion as revealed by the irreversibilities in
the depolarization. Very interestingly, a strong applied
field which aligns the domains, does not restore a true
ferromagnetic state. Spin canting persists in applied field,
associated with static and dynamic anomalies, as shown
by SANS and inelastic measurements. A schematic pic-
ture of the domain configuration, showing the effect of
canting in low and high applied field, is given in Fig. 10.

Recent depolarization measurements performed in
amorphous FeNi (Ref. 24) and crystalline AuFe (Refs. 14
and 25) yield results rather similar to those obtained in
a-FeMn. In the NiMn and FeZr systems, the MF ap-
proach seems to work even better since we observe no
minimum of the polarization versus temperature, even in
the samples very close to the critical point. By contrast it
appears that the FeA1 system could be intrinsically
different and might obey the RF predictions, as shown
both by the depolarization and the spin waves anomalies.
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