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The reentrant-spin-glass behavior for members of the amorphous (Fe Cri „)75Pl5Clo and crystal-
line Fe Cr& systems are found to be similar when the Tc's are the same. This suggests some rela-
tionship between the width of the exchange distribution and the average exchange. We have con-
structed a phase diagram for these systems by combining Mossbauer, magnetization, and neutron
scattering techniques. The ferromagnetic transitions appear conventional in all of these techniques.
We assign three characteristic temperatures to the reentrant-spin-glass behavior. The highest tem-
perature, T*, corresponds to the first appearance of anomalies in the spin-wave dynamics and may
also be related to the canting transition. The middle temperature, T, , indicates the maximum in the
zero-field-cooled magnetization, and also the approximate first appearance of anomalous small-
angle neutron scattering. The magnetic structural changes are most pronounced below the lowest
characteristic temperature, T2, where strong irreversibilities occur in the magnetization and the
small-angle neutron scattering becomes sufficiently intense that the correlation length appears to de-
crease. We make a rough correspondence with the phase diagram proposed by Gabay and
Toulouse.

I. INTRODUCTION

Competing interactions are known to be at the origin
of spin-glass phenomena. Ferromagnetic and antiferro-
magnetic exchange interactions present in appropriate
proportion cause frustration and consequently spin-glass
behavior. In dilute alloys, competing interactions result
from the oscillating long-distance behavior of the RKKY
interactions and from the distribution of the distances be-
tween magnetic impurities. The spin-glass behavior re-
sulting from the competing interactions has been widely
studied and is referred to as canonical. A peak is exhibit-
ed in the low-field ac susceptibility at a temperature TG,
and irreversible magnetic behavior occurs below this tem-
perature. In addition, scaling laws are satisfied due to the
1/r dependence of the interactions.

Competing interactions can also be present in concen-
trated alloys with short-range ferromagnetic and antifer-
romagnetic exchange. ' In crystalline alloys such as
Fe-Cr, the Fe-Fe interactions are ferromagnetic and the
Cr-Fe interactions are antiferromagnetic. The chemical
disorder of the alloy then plays an essential part in pro-
ducing spin frustration. In amorphous alloys such as
(Fe„Ni, )-P-B-Al (Ref. 3) the nearest-neighbor ex-
change interactions can be of either sign due to the distri-
bution of interatomic distances, and again leads to frus-
trated spin couplings. Finally, in amorphous alloys such
as (Fe Cr, )-P-C or (Fe Cr, )-P-B-Al the chemical
(site) disorder of the iron and chromium or iron and man-
ganese adds to the topological disorder and leads to a
larger randomization of the exchange interactions.

Theoretical studies based on randomly distributed pos-
itive and negative exchange interactions predicted the oc-
currence of paramagnetic —spin-glass transitions. In
the paramagnetic phase the time-average spin is zero. In
the spin glass the time averages are nonzero as in a fer-
romagnet but they are randomly orientated in space. The
theory has in fact been extended to the case of nonidenti-
cal weights of the positive and negative interactions.
Phase diagrams have been predicted as a function of the
reduced parameter Jo/5 where Jo is the mean of the
Gaussian distribution of exchange interactions and 6 is
its standard deviation. They show that with sufBcient
negative interactions Jo /6 ( 1, a paramagnetic —spin-
glass transition takes place. For Jo/5) 1, the case in
which the ferromagnetic interactions are dominant, the
system undergoes a paramagnetic-ferromagnetic transi-
tion at a Curie temperature, Tz, and can exhibit a reen-
trant ferromagnetic —spin-glass like transition at a lower
temperature. From the microscopic point of view, it
means that the time average values of the spins are
nonzero in the phase just below Tc and that the & S; & are
all parallel (within a domain). At low temperature, when
the system undergoes the ferromagnetic —spin-glass reen-
trant transition, the time-average value of every spin con-
tinues to be nonzero but the spins are no longer
parallel —their configurational average value can be zero
if all ( S; ) components are randomly orientated or
nonzero if at least one component is not randomly distri-
buted. Heisenberg mean-field model calculations suggest
that there are two distinct changes below Tc. At TOT
each spin should begin to acquire random static moment
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comporients without the loss of the ferromagnetic order
parameter (mixed phase Ml) and at a low T, a crossover
to a mixed phase M2 having the same ordering as phase
M1 and in addition the spontaneous breaking of replica
symmetry. A weakly irreversible to strongly irreversible
behavior should occur (phase M2).

Experimentally, the reentrant-spin-glass (RSG) phase
has been observed by low-field magnetic measurements.
Canella et a/. and Coles et a/. showed that in the
Fe Au, system, the ac susceptibility peak of the
paramagnetic —spin-glass transition observed for
x &0.15, was replaced by a plateau for higher iron con-
centrations. The plateau has been interpreted as a
demagnetization limited plateau occurring in a ferromag-
netic phase. Two knees mark the temperature extremes
of the plateau —the upper knee occurs at the
paramagnetic-ferromagnetic transition and the lower
knee indicates that the system is entering a non ferromag-
netic state, with features similar to those of spin glasses.

The main characteristic of the RSG is the high degree
of irreversibilities and the low-temperature drop in the
zero-field-cooled low-field magnetization. This was stud-
ied by many authors, and in particular by Senoussi
et a/. ,

' '" Abdul-Razzaq and Kouvel' in the Fe Au&
and Ni Mn, systems. They studied in detail the effect
of the cooling field on the magnetization and on the hys-
teresis loop and concluded that the large irreversibilities
of the zero-field-cooled samples are related to domains
frozen during the cooling process and anisotropies. Their
sizes would depend on the magneto-thermal history of
the sample. According to Abdul-Razzaq and Kouvel, '

Ni77Mn23 samples cooled under a field larger than 2000
Oe act essentially as a single domain with an anisotropy
axis along the cooling field. For lower cooling fields, the
sample is subdivided into smaller domains with different
anisotropy directions. Senoussi' suggests that, during
the cooling of FeAu and NiMn alloys, "quasiferromag-
netic domains" freeze in a Weiss-type molecular field.
The latter behaves like a strong cooling field having the
direction of the associated magnetic domain during cool-
ing.

Strong irreversibilities and differences between field-
cooled o„c and zero-field-cooled o.z„c magnetization are
not the only features of the RSG. In many cases, a rever-
sible decrease of aFc is observed at higher tempera-
tures and is more pronounced near the spin-glass-
ferromagnetic critical concentration. "' This has been
interpreted by Senoussi" as a reduction of the degree
of long-range magnetic order and is not associated
with the occurrence of strong irreversibilities. In an
(Fe Mn& ~ )75P]686A13 amorphous alloy, Manheimer
et a/-. ' showed that this reversible part of the rnagnetiza-
tion yields scaling behavior consistent with that expected
from a second-order magnetic transition.

Deviations from standard ferromagnetic behavior also
result in anomalous features in small-angle neutron
scattering (SANS) experiments. By this technique, mag-
netic inhomogeneities can be studied at zero field. SANS
has been carried out on crystalline Fe Cri
Fe~ Au) „,' as well as on amorphous
(Fe Mn, „)75P(686A13, ' (Fe„Ni~ )75P,686A13 (Ref. 3)

systems. All the data show unusual SANS behavior at
low temperatures for alloys close to the multicritical
spin-glass to paramagnetic-ferromagnetic point. Con-
trary to that expected from a standard ferromagnet, the
scattering intensity increases (in some cases shows a max-
imum, ' ' at low temperature especially for the lower q
(scattering vector) values. The spin correlation lengths
(see Sec. III) obtained from the scattering lineshapes have
been studied as a function of temperature by Aeppli
et al. ,

' and Erwin in the (Fe„Mn& „)-P-8-Al and
(Fe, Ni, )-P-B-Al systems, respectively. It has been
shown that the correlation length decreases at low tem-
perature from a large value in the ferromagnetic tempera-
ture range. On the other hand, it has been shown that
the SANS was strongly inAuenced by a magnetic field.
An external field suppresses the largest part of the low-T,
low-q SANS (Ref. 17a), which can then exhibit additional
structure. ' Removal of the field at low temperature
shows that this contribution to the SANS depends on the
thermal history of the sample. ' This illustrates that the
magnetic inhomogeneities can vary in size and density
with field and temperature.

A third measurement indicating nonstandard fer-
romagnetic behavior at low temperature is that of the
spin waves. Spin waves anomalies have been studied by
Fincher et a/. ,

' Shapiro et a/. in Fe„Cr& „,Murani '

in Fe„Au&, Hennion et a/. in the Ni„Mn&
crystalline systems, and by Aeppli et a/. ' in
(Fe„Mn& )75-P-B-Al, Lynn et al. and Erwin et al. 24

in the (Fe Ni, )75-P-8-Al amorphous alloys. The data
obtained by these authors are very similar (see review by
Rhyne ). They show that the stiffness and the width of
the spin waves exhibit an anomalous behavior at low tem-
perature attributed to the breakdown of ferromagnetic
order (in some cases, however, contrasting anomalies
have been observed at lower temperatures. These tech-
niques as well as others (e.g., Mossbauer spectroscopy
show that at low temperature these systems do not exhib-
it standard ferromagnetic behavior.

In this paper we report a systematic study of the rnag-
netic properties of the (Fe„Cr, „)75P]5C]o amorphous
system in the concentration range in which RSG occurs.
We performed low-field magnetization, SANS, spin-wave
measurements and Mossbauer spectroscopy in an attempt
to correlate the observed features of strong irreversibili-
ties, maxima in o.„c, anomalous SANS and spin wave

ampjng 19,28, 29

In Sec. II we report the magnetic measurements in
fields up to 20 kOe and also in very low fields that al-
lowed us to examine the different magnetic states. In Sec.
III the SANS data are reported, in particular the correla-
tion length as a function of temperature and Geld are
compared to conventional ferromagnetic behavior. The
inelastic scattering data are reported in Sec. IV, including
the behavior of the spin-wave energy and energy width as
a function of the temperature. Finally in Sec. V we dis-
cuss the collected data and present a synthesized view of
the magnetic transitions in the samples from the
paramagnetic phase to the spin-glass phase.

In addition, we correlate our results with data collected
from the crystalline counterpart (Fe„Cr, , ) base alloys
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in their respective concentration range of reentrant-spin-
glass phases. This system is one of the few opportunities
to examine differences between the magnetic behavior of
topologically disordered amorphous alloys and a crystal-
line but site disordered counterpart alloy.

2$

II. MAGNETIC MEASUREMENTS

A. High-field studies

1.5-

Chromium in both crystalline and amorphous
Fe Cr, „-based alloys suppresses the Fe moment as has
been discussed by Boliang et al. from Mossbauer mea-
surements on the (Fe„Cr, „)goB2O system. According to
these authors, hybridization of Cr and Fe 3d orbitals
should be more effective in the amorphous structure than
in the bcc crystals, so that the presence of chromium
neighbors would have a greater effect on the local iron 3d
density of states in an amorphous alloy.

Magnetization measurements in fields up to 20 kOe
have been carried out on samples of composition between
x =0.75 and x =0.55. For the more iron-concentrated
alloys (x =0.75,x =0.70), the curves of cr versus H are
characteristic of a ferromagnet and show essential satura-
tion below 10 kOe. For the less concentrated samples
(x & 0.62), the behavior is closer to that of a super-
paramagnet. From these data, we deduced the saturation
magnetization cr„, by extrapolating o to the I/H~O
limit. This procedure is valid for the ferromagnetic sam-
ples x =0.70 and x =0.75 but very poor for x =0.55.
As shown in Fig. 1, o.„, extrapolates to 2pz for x =1,
with a slope of 3.6@~/x. Such a linear behavior with a
limit of 2@~ has been observed in the 0.9 & x & 1 range in
similar alloys, ' but with a slightly higher slope. The
average iron moment in crystalline Fe„Cr, „alloys is
practically linear also in the 0.3 &x & 1 range but with a
smaller slope of 2.45@~/x.

The temperature dependence of the magnetization
measured at H =20 kOe in the x =0.65 sample (Fig. 2)
shows a very long tail at high temperatures. As in many
other amorphous samples, Fe Pdg2 „Si&g (Ref. 33) or
(Feo 2Nio g)7gP, 686Alg (Ref. 34) and other soft magnetic
materials, no well-defined feature is evident in the isofield
magnetization at the Curie temperature ( Tc =84 K).
The susceptibility of these alloys in the paramagnetic
phase is very large and no transition is observed except
under very small fields.
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FIG. 1. Comparison between average saturation moment in
crystalline Fe„Cr, „(0) (Ref. 32) and in amorphous
(Fe„Cr& „)75P]5C]Q ( ) (this work).

80

Thus if 0,. «H/N (large H, small N) the measured mag-
netization o. does correspond to the intrinsic magnetiza-
tion. But if cr; »H/N (small H, large N), o is limited

by the demagnetization plateau H /N. Therefore, to
detect a sharp transition at Tc in the order parameter (or
in y; ) in going from paramagnetism to ferromagnetism, it
is necessary to have H/N small. On the other hand, to
observe small changes in the spontaneous magnetization,
the plateau must be avoided, but at the same time H must
be small enough to not smear the transition. To obtain a
large value of H/N at small H, the field must be oriented
parallel to the long dimension of the ribbons. Conversely
to produce a plateau, it is necessary to apply the magnet-
ic field perpendicular to the plane of the ribbons, or to
apply a very low field in the plane (provided the thickness
is not too small). In the measurements reported here
several ribbons were stacked to get higher sensitivity.

B. Low-field studies

We focus our attention on low-field magnetization
measurements where the external field does not
significantly mask the transitions from paramagnetism to
ferromagnetism and from ferromagnetism to spin glass.
In the low-field case however, we have to consider the
effect of the demagnetization field inside the sample. If N
is the demagnetization factor, the measured susceptibility

(or the measured magnetization o ) does not corre-
spond exactly to the intrinsic values y; (and o;). They
are linked by the relations

I/y = I/y;+1/(1/N) or I/cr = I/cr;+1/(H/N) .

C4

40

120
T (K)

180
k

240

FICz. 2. Magnetization for H= 20 kOe in the
(Fep 65Crp 35)75P l5C]Q amorphous alloys.
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FIG. 3. Field-cooled o.Fc and zero-field-cooled o.zpz magnetization data collected from the (Feo 6&Cro 35)75P]5Ci{) aHoy in the per-

pendicular gometry. The inset shows o Fc and o-z„& under l Oe (0) and displays the full width at half maximum (F%HM) of the
Mossbauer doublet near T, {0).
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Figures 3 and 4 show zero-field-cooled (ZFC) and
field-cooled (FC) magnetization data collected in perpen-
dicular and parallel geometry. The overall magnetization

curve in the perpendicular geometry shows the behavior
of a classical reentrant spin glass. The zero-field-cooled
demagnetization plateau (proportional to H) terminates
in two knees, at the paramagnetic and spin-glass transi-
tions. The upper knee of the plateau allows T& to be

035 7S

60

FC
~A

ZFC

20

40

l i I

40 T (K)
FK». 4. Field-cooled and zero-field-cooled magnetization data collected from the (FeQ65Cr035)$5P]5Clo alloy in the parallel

geometry. The coercive field 0, (H) is large in the temperature range in which a Fc (0) and o.zpc (4 ) are split.
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determined with good accuracy. From the lowest-field
demagnetization plateau (Hi =1 Oe, Fig. 3 inset) the Cu-
rie temperature can be evaluated as 84+2 K. To verify
that the upper edge of the plateau does correspond to the
magnetic transition temperature, we performed absorp-
tion Mossbauer spectroscopy experiments in a 25-K tem-
perature range around T&. In this temperature range,
the Mossbauer spectra are a doublet due mainly to the
quadrupolar splitting. However, when we fit the doublet
by two Lorentzians, we observe the width of the
Lorentzians is constant above 84 K but increases
significantly below this temperature, corresponding to the
onset of a magnetic hyperfine field. Moreover below 84
K, the fit by a doublet becomes poorer and poorer. More
precisely this means that the time average of the spins is
zero (on the 10 s scale) above 84 K.

The irreversibilities at very low field (Fig. 3) extend
over the full temperature range to T&. However, we can
separate them into two parts: (1) the largest irreversibili-
ties are independent of the applied field and occur below
about 8 K, and (2) weak irreversibilities that occur above
this temperature and are strongly dependent on the exter-
nal field. In very low field small differences in o.„c and
crz„c persist up to Tc (Fig. 3 inset) retlecting the hysteret-
ic behavior of the magnetization. Due to the large
demagnetizing field in the perpendicular geometry, small
fields do not produce appreciable domain rotation.

is insufticient to significantly perturb the zero-field-cooled
state. As in the previous sample, small irreversibilities
are also observed up to T~ when H/N is small.

(I'oo 60Cr0..40) 75&15C10

In this sample a very small field is required to exhibit a
demagnetization plateau in o.Fc (Fig. 6a). The upper
knee of the plateau is observed at about 30 K which cor-
responds again to the onset of the hyperfine field. For
higher fields [Fig. 6(b)], o „cexhibits a rounded maximum

( Fe0.62 C "0.38 )75 P15 C10

0.9

0.7 2

In the parallel geometry, because of the small value of
H/N, the Curie temperature cannot be determined accu-
rately. What is interesting in this geometry is the in-
crease of the field-cooled magnetization as the tempera-
ture is lowered and then its small reversible decrease
below 20 K. As this field is large enough to remove
domains, but not large enough to affect the intrinsic dis-
order, the measured magnetization is certainly close to
the spontaneous magnetization. This behavior is not seen
in a conventional ferromagnet, nor is a result of the
demagnetization-limited plateau. It is similar to that ob-
served by Senoussi" and Manheimer et al. '

In addition to the small o.Fc decrease below about 20
K, a significant difference is observed between o.Fc and
o.zFc below 8 K. Only the large irreversibilities occurring
in the perpendicular geometry are still present when the
field is applied in the plane of the ribbons.

I

20 40

( Fe Cr )75 P15 C

0.5

f+oo 62+ro 3S ) 7.5+15+.10

Figure 5 shows o Fc and o zFc for x 0.62 in the Paral-
lel geometry under an external field of 4 Oe (a) and 28 Oe
(b). With H,„,=4 Oe, HIN is small enough to give evi-
dence of the demagnetization plateau. The upper knee is
at about 50 K. It corresponds to the temperature below
which a hyperfine field splitting is evident in the
Mossbauer absorption lines. With H =28 Oe, the field-
cooled parallel magnetization approximates the spontane-
ous magnetization and exhibits a better defined maximum
at about 20 K. Between 30 and 40 K the magnetization
curve flattens and falls below values that would be ex-
pected for the order parameter of a ferromagnet, and
below 10-K strong irreversibilities occur for H =28 Oe as
well as for H =4 Oe. Below 4 K, the 28 Oe external field

M)

15-
6

0
0

I

T (K)
60

FIG. 5. Magnetization (o ) and Mossbauer spectroscopy data
{FWHM) ( ) from. the (Feo 62Cro 3,)»P»C, O amorphous alloys
at 4 Oe (a) and at 28 Oe (b).
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near 20 K and the regime of strong irreversibilities is
below 15 Ke For concentrations below x =0.6, o.zFc be-
comes very small and shows a sharp peak like that in
conventional spin glasses.

C. Virgin curves and coercive fields

To get a better idea of the irreversibilities at low-
temperature magnetization and hysteresis cycles have

0.60 0.40 ~75 15 10

been measured at 1.68 K after cooling the samples in zero
field. The virgin curves of Fig. 7 show that below a field
estimated at 15 Oe for x=0.65, 80 Oe for x =0.62 and
150 Oe for x =0.60, the magnetization increases more
slowly. As pointed out by Senoussi, " this is a field under
which the domains remain relatively fixed. These fields
are very close to the coercive fields as shown in the inset
of Fig. 7. The coercive field in (FeQ 65CrQ 35)]5P]5C]Q be-
comes practically 0 above about 8 —10 K (i.e., at about
the temperature for which OzFC become equal to o„c)
and below which strong irreversibilities occur.

08- H)1~0.25 Oe

1.2 III. SMALL-ANGLE NEUTRON SCATTERING

A. Background

aa 06.

CP 04

0.2-

1.0

0.8

The small-angle neutron scattering intensity (SANS) is
directly proportional to the instantaneous spin-spin
correlation function. It provides information on the spin
correlation range when the experimental q (wave vector)
range is appropriate. For a paramagnetic system at
T && Tz, the instantaneous correlations between spins are
very weak and the scattering is dift'use. As T comes
closer to T&, magnetic fluctuations take place and a
snapshot of the spins show they follow instantaneously an
Ornstein-Zernike law:

0
0

I

10 20
T(K)

30

~C
e

40

(S,(0) S,(r))=(1/r)e

The corresponding scattering law is a Lorentzian,

I(q)= 3/(]r +q ),

10

0.40 ~75 15 10
where /=i/~ is the correlation length. As T~Tc,
v —+0 and the correlation length diverges. In simple
mean-field theory, v ~ ( T —T, )' and v =

—,'. In the
paramagnetic phase, the time average of the spins ( S, ) is
zero and all the directions are equivalent. In a ferromag-
netic phase, below Tz, the symmetry is broken. For
every spin,

(S ) =m(T)/NWO, (S;")=(Sr) =0 .

The order parameter m ( T) increases as T decreases and
two types of magnetic fluctuations appear: longitudinal
fiuctuations (b.S ) and transverse fluctuations (b,S;",b,S, ). .

Below Tc, it becomes necessary to difFerentiate between
the longitudinal susceptibility and the transverse suscep-
tibility, and the SANS cross section can be written as the
sum of two Lorentzians:

I(q) =
A~~/(~~~~+q )+ 2i/(]]i+q ),

where in mean-field theory

&2 0 &2cr (T T)2v

0
0 10 20

T(K)
30 40

FIG. 6. Magnetization (o. ) and Mossbauer spectroscopy ctata
(FWHM) ( } from the (Feo 6OClo40)7gp15Clo amorphous alloys
at 0.25 Oe (a) and 6 and 18 Oe (b).

At Tc the occurrence of a transverse correlation func-
tion with K~=0 is the signature of the ferromagnetic
phase and means that the perpendicular susceptibility is
infinite. The limitation of the correlation length is then
the size of the domains. Below Tc as the temperature is
lowered, the longitudinal fluctuations decrease rapidly, ~t~
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FIT&. 7. Comparison of the virgin magnetization curves obtained from different alloys at 1.68 K. Inset displays the coercive field

measured from the same samples.

becomes large, and the associated scattering is mini-
mized. The transverse Auctuations (spin waves) follow
the Bose thermal population factor, and this scattering
also becomes less intense as T decreases.

In the reentrant-spin-glass phase, the above description
is no longer valid because the time averaged spins (S; )
are not all parallel. Two cases have to be considered:

(i) The misorientation of spins is nearly random from
site to site so that the disordering gives rise to an in-
coherent scattering.

(ii) The spins or only their transverse components be-
come misoriented but with special correlations that give
rise to small angle neutron scattering.

In the latter case, the scattering law may not be of the
Ornstein-Zernike form. For example if the disordering
creates microdomains with relatively sharp walls between
ordered regions, the scattering law will be of the Porod
type, I= 1/q, for the larger q values. If the domains are
random in size and shape the scattering law can be a
Debye-type Lorentzian squared in the small-q regime (q
approximately equal to the inverse of the size domain).
For this case the overall scattering law has been written
as a Lorentzian plus a Lorentzian squared:

I(q)= 2/(ir +q )+B/(Ir +q )

Such an expression is often introduced for random field
and random anisotropy systems.

B. General features of SANS
in the (Fe„Cr, „)75P]5C]Qamorphous alloys

The general features of the SANS are displayed in Figs.
8 and 9. Figure 8(a) shows the variation of the intensity I

0
normalized to 1 at Tc, collected at q =0.04 A ', as a
function of the temperature for the four alloys studied in
detail (x =0.6, 0.62, 0.65, 0.70). Figure 9 displays the in-
tensities collected from the x =0.70 sample for three
di6'erent q values. Figure 8(b) shows similar data to Fig.
8(a) but is for the Fe Cr, „crystalline counterpart al-

loy. ' Two contributions to the intensity can be ob-
served: the critical scattering (CS) which occurs near Tc
and gives a well defined peak (except at very low q), and
the subcritical scattering (SS) which takes place at low
temperature. As seen in Figs. 8 and 9 at a given q value,
the SS becomes relatively more pronounced in alloys
whose Curie temperature is lower. In a given alloy be-
cause of its higher-q dependence, the SS is relatively
larger for the smaller-q values and masks the CS entirely
for suKciently small q.

Moreover, the comparison between data collected from
the (Fe Cri „)75Pi5C]Q amorphous system and from
crystalline Fe Cr& „,' ' shows that for the same
scattering vector (e.g. , q =0.04 A '), both the CS and
the SS are of the same order of magnitude for alloys
whose Curie temperatures are approximately the same.

C. Analysis of the data for x =D.70 and x =0.65

For all four alloys studied in this composition range,
the inverse of the intensity as a function of q is quite
linear above T&. The straight lines obtained at the
different temperatures are parallel and intersect the 1/I
axis closer to zero as T approaches Tc, indicating agree-
ment with the Ornstein-Zernike (Lorentzian) law above
Tz. Below Tc, the 1/I versus q lines depart from paral-
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2 1 Amor ph

C5

7

CJQ

q
—O.O4A

lel. They exhibit a downward curvature at low q. At
even lower temperatures, 1/I versus q departs further
from the linearity, but this time with a pronounced up-
ward curvature.

In order of decreasing temperature, the best fits to the
data were (1) by a single Lorentzian, (2) by the sum of
two Lorentzians and finally (3) by the sum of a Lorentzi-
an plus a Lorentzian squared. The quality of the fit pa-
rameter (y) for X=0.65 over the whole temperature
range and for x =0.70 near Tc resulting from fits to the
above three dependences are pictured in Figs. 10(a) and
11(a). These results are in agreement with the above
qualitative description of the temperature evolution of
the q dependence of the scattering and confirm the oc-
currence of three regimes of SANS.

(1) T ) Tc. The lineshape is Lorentzian and the
Ornstein-Zernike law is satisfied. The two parameters of
the fit: A and a are pictured in Figs. 10(b), 10(c), and
11(b), 11(c). A is relatively temperature independent and

tends to zero at Tc. The T dependence of these pa-
rameters is that expected from a standard mean field fer-
romagnet.

(2) T (Tc. The sum of two Lorentzians representing
longitudinal and transverse spin fluctuations give a quite
satisfactory fit with two distinct correlation lengths: 1/~~~
and I/~i. The second Lorentzian contribution is con-
sistent with the onset of the downward curvature of the
1/I versus q data seen at low q. The lr of the Lorentzi-
an associated with the transverse fluctuation was zero
( (10 ) and that corresponding to the longitudinal fluc-
tuations increased sharply below Tc. The amplitude A~
was appro»mately twice AII. Figures 10(b), 10(c), 11(b),
and 11(c) show All Ai E2II and Ki2As shown in these
figures 3

~~

+ 2 ~ = 3, the coefFicient of the single
Lorentzian above Tc. Also displayed in these figures is
the coefFicient from a single Lorentzian fit and the associ-
ated ~ below T~. The 3 coe%cient is quite similar to
that obtained above Tc but ~ first increases below Tc,
and then decreases as T decreases and finally reaches 0 at
about 50 K for the (Feo 6~Cro»)7, P»C, o alloy. It can be
noted that such a ~ behavior is similar to that observed
by Aeppli et al. in the (Fe Mni „)-P-B-A1.' In our
sample this K variation is an artifact due to the one-
Lorentzian fit. The two Lorentzians fit is clearly the
more valid and physically realistic. It proves that there is
a break of the isotropic symmetry at Tc, which is the
qualitative signature of the second-order paramagnetic to
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FIG. 9. Thermal dependence of the small-angle neutron
scattering from the (FeQ 7QCrQ 3Q)75PJ5C]Q amorphous alloys at
three diferent q values.
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ferromagnetic transition. The second signature is the fact
that the correlation length (1/a) diverges both from
above (paramagnetic fluctuations) and from below (longi-
tudinal fiuctuations) Tc. a. for T ) Tc and ill for T & Tc
are approximately linear in

~
T —Tc~ with a larger slope

below Tc as expected from the mean-field approximation.!
Finally as expected for the transverse susceptibility of an
isotropic ferromagnet %~=0.

%'e strongly emphasize that the temperature depen-
dence of these parameters near Tc is in accordance with
the occurrence of a standard paramagnetic-ferromagnetic
transition, at least as far as revealed by SANS in the
0.01 & q & 0. 1 A ' range (i.e., corresponding to the
SO—SOO A length scale).

Ai low temperatures, the sum of a Lorentzian and a
Lorentzian-squared cross section has to be introduced to
fit the upward curvature data. As shown in Figs. 10 and
12, both the Lorentzian and Lorentzian-squared
coeScients increase as T decreases. At the lower temper-
atures, ~ becomes nonzero for x=0.65 and the correla-
tion length is at the limit of the instrumental resolution
and can be estimated to be 400—600 A. However sc

remains practically zero for x =0.70.

D. Analysis of the data for x =0.62

As in the previous samples, a good fit of the data was
achieved above Tc (well defined by the peak in the CS) by
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FIG. 10. (a) Comparison of the g resulting from the different fitting procedures, one Lorentzian (1L), two Lorentzians (2L), one
Lorentzian + Lorentzian-squared {1L+L ) of the (FeQ65CrQ 35)75P$5C1Q amorphous alloys over the entire temperature range. (b)
Thermal dependence of the inverse square of the correlation lengths as determined by the fitting procedure. 2 near Tc (above and
below) in the (1L) fit. s~~ and di below Tz in the (2L) fit, and 2 at low temperature in the (1L +1L ) fit. (c) Thermal dependence of
A, A~~, A&, A, 8, as obtained from the fitting procedure A coefBcient of (1L) fit above and below Tc and A~~, and A& coeKcients of
the Lorentzians in the (2L) procedure below Tz and A, B coefFicients of the Lorentzian and the Lorentzian squared at low tempera-
ture.
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a single Lorentzian and below 40 K by the sum of a
Lorentzian and a Lorentzian squared [Fig. 13(a)]. In con-
trast to the previous samples, there was no temperature
range below T~ in which the sum of two Lorentzians pro-
vided a better fit than one Lorentzian. At Tc, K does not
reach zero. It increases slightly with decreasing T and
then approaches 0 at 30 K.

The similarity between the behavior of ~ in this sam-
ple below Tc and that obtained from a single Lorentzian
fit in the x=0.65 and 0.70 suggests that both longitudinal
and transversal fluctuation (Fig. 13) components exist but
cannot be resolved. As in a previous sample, A does not

depend very much on the temperature near Tc and is
continuous with A at low temperatures. A increases
dramatically at very low temperature as does 8 (Fig. 14).
The correlation length also decreases at low T and be-
comes 200 A at 15 K and about 100 A at 1.5 K.

E. Analysis of the data for x =0.60

As shown in Fig. 15, the 1/I versus q curves are
parallel straight lines above 30 K and increasingly curved
lines below 20 K. The onset of magnetic order is near 30
K where straight lines depart from parallelism with the
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high-temperature data and where the Mossbauer spec-
troscopy shows the occurrence of an hyperfine field. The
best fit was achieved by a single Lorentzian for T ~ 25 K
and the sum of a Lorentzian and a Lorentzian squared at
lower temperatures. As in the previous samples, A = A
and increases dramatically at low temperatures with B
[Fig. 16(b)]. In this sample however, x never reaches 0.
The correlation length [Fig. 16(a)] increases to 70 A near
25 K. At low temperature it decreases to 35 A con-
current with the increase in 3 and B.

F. Very low-q measurements and irreversibilities in SANS

As seen in Fig. 9, when the data are collected at very
low q, a peak in the critical scattering at Tc is not found
even for the most iron concentrated sample. In fact, at
the lowest q we observe the tail of the forward scattering
peak, the intensity of which is proportional to the square
of the order parameter and the width of which is approxi-
mately the inverse of the size of the domains. Since this
tail extends out beyond q =3 X 10 A ', it means the
size of the domains is of the order of some thousands of
A. It is very diScult to tell from the data if there is a
change of the size of the domains with temperature, be-
cause the change of intensity can come from a change of
the size of the domains and from the order parameter in-
side the domains. Moreover, the data were difBcult to fit
with confidence because the instrumental resolution is
quite important at these small scattering angles.

To see the effect of the thermal history of the sample,
a 1000 Oe magnetic field was applied on the
(Feo 65Cro 35)75Pi5C, O sample above Tc and then the sam-

ple was cooled to 1.5 K. At this temperature the field

was removed and the "after-field-cooled" (AFC) data
were collected on heating the sample. The first observa-
tion was that scattering was practically 0 when the field
was applied. The second observation was the AFC
scattering was very different from the scattering from the
sample cooled under zero field (Fig. 17). As shown previ-
ously, ' the correlation length is smaller in the AFC state
just after the switching off of the field and increases with
the temperature. The g values in Ref. 19 have to be con-
sidered as approximate as seen from the standard devia-
tion values.

A more accurate study of the effect of the thermal his-
tory of the sample has been carried out in the x =0.62
sample in the 0.01 & q & 0. 1 A ' range with a conver-
gent beam collimation system on the SANS spectrometer
at the National Institute of Standards and Technology
(NIST). The experiment was the same as the previous
one and the data are qualitatively similar. The scattering
is very small with a Geld applied and at first increases ir-
reversibly after switching off the field, The fit of the data
showed, however, that the coefficient of the Lorentzian,
A, was independent of the thermal history of the sample.
The irreversibilities are evident only in the Lorentzian-
squared coefficient 8 [Fig. 14(b)] and in the correlation
length [Figure 13(b)]. As already shown for the
(Feo 65Cro 35)75Pi5C]o sample, in the 0.003 & q & 0.01 A
range, ' the correlation length is smaller at low tempera-
ture in the AFC state.

These data suggest that the external field aligns the
domains and makes the scattering disappear into the for-
ward beam. At low temperatures, only small domains,
which need a smaller thermal energy to move, are
formed. Their size increases as the thermal energy allows
them to cross barriers.
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IV. INKI.ASTIC SCATTERING

A. Background

By using a triple-axis spectrometer, we can measure
the magnetic excitations in these alloys below Tz. The
scattering intensity is proportional to the convolution of
the cross section with the instrumental resolution. The
spin-wave cross section representing the space and time
Fourier transform of the two spin correlation function
can be expressed as

C
4l

~ le%

4J
O

l

0.6

o.a
O

0.62 0.3S)75 15 10

~ A

AFC

F(q, E)
dQ dE ki 1 —exp( E/k T—) q2

where AD should be constant for an ideal ferromagnet
and F(q, E) is the spectral weight function. F(q, E) can
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FIG. 13. (a) Comparison of the y resulting from (1L) and
(1L+1L ) fit in the (Fep 62Crp 38)75P]5C/Q amorphous alloy. (b)
Thermal dependence of the inverse of the square of the correla-
tion length resulting from the 1L fit above 40 K and the
(1L + 1L ) fit below 40 K. a„„cis the inverse of the correlation
length found in the AFC state resulting from a (1L + 1L ) fit.

'o 16
Q-( 10"A 3)

FIG. 15. I ' as a function of q for the SANS from the
(Fep 6QCrp 4p)75P I5C~p amorPhous alloy.
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o+
60

( Feo.6o Cro 4o )75 Pqs Cto
be chosen as a double Lorentzian ' or alternatively as a
damped harmonic oscillator. ' ' The choice between
these two functions has been debated. It has been shown
that they give equivalent results for the small damping
limit. In the analysis, we present the double-Lorentzian
(DL) and damped-harmonic-oscillator (DHO) fits
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(DL) F(q, E)=(1/~)I1 /[(E E—)~+r~]

+r, /[(E+E, )'+ r', ]I,
(DHO) F (q, E)=(I/~) I 2r, E,'/[(E —E, )'+4E'r', ]I,
where 1

~
is the half-width of the excitation (for small

I /E ) and E its energy. The two terms in the DL
function correspond to the annihilation and the creation
process for spin excitations. In a ferromagnet for small q,
Eq can be written as Dq +6, where D is the stiffness of
the spin waves and 6 is pseudo-dipolar gap term that is
generally very small. " The thermal dependence of D (T)
and I"( T) are conventionally

D ( T) =Do[1—A o( T/Tc )
~ ] for T ((Tc

2
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FIG. 16. {a) Thermal dependence of the correlation length in
the (Fep 6QCIQ4p)75P/5CIQ amorPhous alloy. 1L was used for
T)25 K ( ), and (1L+1L ) for T(25 K (0). The arrow in-
dicates the Curie temperature obtained from the hyperfine field.
(b) Thermal dependence of the coe%cients ( A) in the 1L (0) and
3 {A)and 8 ( ) in the (1L +1L ) fit.

1 (T)=1 (0)T q ln (kT/E ) for E ((kT .

For a standard ferromagnet D ( T) increases with the or-
der parameter (the spontaneous magnetization) when the
temperature is lowered. I ( T) decreases when T is
lowered as the result of the smaller probability of two-
magnon interactions. As tabulated by Rhyne, the ratio
between the stiffness and Tc is close to 2.25 in most
amorphous magnetic alloys.

The experiments must all be done at small q near the
(000) forward peak which is the only sharp scattering
peak of an amorphous structure. This requires relatively
good energy resolution for alloys of low T&. The experi-
mental conditions used in this study for the amorphous
alloys were chosen as a compromise between the resolu-
tion of the instrument, the intensity, and the available
range of energy transfer. Using a triple-axis instrument
at NIST with an incident energy of 3.75 meV and col-
limation of 20'-20'-20'-20', the resolution was 0.029 meV
half width at half maximum. However, to reach this
resolution, intensity was sacrificed so that the counting
time was 1 day per scan for the lowest temperatures.

Due to the reduced intensity under these tight resolu-
tion conditions the inelastic scattering was not studied as
a function of q. Data were collected only for q =0.07
A which is the smallest q for which the spin-wave
scattering could be clearly separated from the elastic
peak. We then assumed 6=0 and the validity of the
E =Dq law. Within these experimental restrictions, we
could measure the variation of the spin waves in x=0.70,
x=0.725, and x=0.75 samples. These alloys are thus
richer in iron compared to those studied by low-field
magnetic measurement and SANS.

FIG. 17. Example of the evolution of the SANS at q =0.0025
A ' from the (Fep &5Crp 35)75P15ClQ amorphous alloy in zero
field (1), under 1000 Oe (2), and in the AFC states 3 and 4.

B. Experimental data

Representative spectra collected for x =0.70 and
x =0.75 are pictured in Fig. 18. For x =0.75, the
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not clear that the D derived from this model is physical.
This is in agreement with the very recent paper of Le-
quien et al. who also did not observe any increase in
crystalline Fe„Cr& „ in a reinvestigation of the Fe26Cr74
sample used previously by Shapiro et al.

V. CONCLUSIONS

The (Fe Cr, „)75PJ5C]0 system exhibits the now classi-
cal experimental features of a reentrant spin glass near
the multicritical point. This paper presents further infor-
mation on three points (i) the behavior of the alloys near
Tc (both above and below), (ii) the different stages of the
onset of spin-glass order from paramagnetism have been
defined clearly using a number of different experimental
techniques, and (iii) a comparison can be made between
crystalline Fe Cr& alloys and their amorphous coun-
terparts.

Recently, the occurrence of a magnetic transition at
Tc and then the nature of the paramagnetic-
ferromagnetic transition in RSG was questioned. Our
first conclusion is that there is a paramagnetic-
ferromagnetic transition in the (Fe Cr, )75P]5C}0amor-
phous alloy and it is practically standard for T& )50 K.

Mossbauer spectroscopy shows the thermal average of
the spins increases from 0 above Tc to a finite value
below T&. That does not prove the spins become parallel
but it indicates that an order parameter increases from 0
in the magnetic phase.

The field magnetic measurements carried out in ade-
quate field and geometry conditions (H/N small) shows
that at this same temperature, the susceptibility becomes
very large. The spins tend to become parallel very easily,
as expected for a paramagnetic-ferromagnetic transition.

SANS above Tc exhibits the features expected for
magnetic fluctuations in a paramagnetic phase preceding
a ferromagnetic transition: SANS follows the Ornstein-
Zernike law with a correlation length increasing as T is
closer to T&. A peak in the critical scattering is observed
at Tc.

Below Tc, the dynamic Auctuations are consistent with
a breaking of the isotropical symmetry as expected from
the paramagnetic-ferromagnetic transition. Transverse
fluctuations with infinite correlation length and longitudi-
nal fluctuations with decreasing correlation length have
to be introduced to fit the data.

The spin waves (measured in samples whose Tc is
larger than 134 K) exhibit an increase of the stiffness and
a decrease of the width as expected from a ferromagnet in
a significant temperature range below Tc.

The only limitation to a standard ferromagnetic phase
is the size of the domains below Tc. They reach certainly

0
no more than a few thousand A and this size decreases
with the Curie temperature. However they can grow (or
be aligned) very easily in small fields.

The second conclusion is that, as in similar frustrated
systems, the ferromagnetism tends to be destroyed as the
temperature is lowered. The breaking of the ferromagne-
tism can be described in three stages corresponding to
different behaviors in magnetization, SANS, or spin
waves. These stages are separated by more or less well-

defined lines at T*, T&, and T2. The temperatures are rt.--

ported in the tentative phase diagram of Fig. 20 with T~
and the other "transition temperatures" observed in the
Fe Cr& „crystalline counterpart.

The highest-temperature anomalies are observed in
spin waves. In the DL fits the stiffness reaches a max-
imum and decreases below T* as the width I increases.
The perturbation in the dynamics of the spin waves is not
seen in magnetic measurements or in SANS above T&.
T) is the temperature at which o.Fc, when it is close to
the spontaneous magnetization (H small, H/N large),
reaches a maximum. T& is also approximately the tem-
perature below which a Lorentzian-squared contribution
has to be introduced to fit the SANS data. Thus below
this temperature, there is likely a small decrease of the
spontaneous magnetization due to a collective phenome-
na but without strong irreversibilities nor significant de-
crease of the correlation length.

The strong irreversibilities and the significant decrease
of the correlation lengths take place only at T2: o.»c
separates from o.Fc, the coercive field increases and the
SANS depends significantly on the thermal history of the
sample —the correlation length increases to 100 A for
x =0.62 and to about 250 A for x=0.65. The coeKcient
of the Lorentzian and of the Lorentzian-squared increase
abruptly. It is to be noted that these temperatures are ap-
proximate because when we see the maximum of D or
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FIG. 20. Magnetic phase diagram of the (Fe„Cr& „)75P»C&0
amorphous alloy and of the Fe„Cr& crystalline alloy (0: this
work). Tc. Curie temperature. ' ' Tg: temperature of the
maximum of susceptibility in the ferromagnetic —spin-glass tran-
sition. T&-. temperature of the maximum of the zero-field-
cooled magnetization below this temperature the coe%cient of
the Lorentzian-squared term in the SANS cross section becomes
significant. T2. Temperature below which strong irreversibili-
ties occur in the ferromagnetic phase. T*: Temperature below
which the stiffness of the spin waves decrease. ' ' T&. Neel
temperature of the antiferromagnet crystalline Fe„Cr& „(Refs.
48 and 49).
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o Fc, the departures from standard ferromagnetic behav-
ior have already taken place at a higher temperature.

The comparison between our phase diagram and that
proposed by Gabay and Toulouse is not straightforward.
Possibly, the temperature T2 could correspond to the
M, —+M2 transition, which is consistent with the onset of
strong irreversibilities. T, could correspond to the ex-
treme in the M& phase. The small canting of spins would

decrease O.Fc and it has been suggested that this might
also contribute to the Lorentzian-squared contribution of
SANS. '

The sample x=0.60 is very close to the multicritical
point. It exhibits some important feature of the
paramagnetic-ferromagnetic transition. At 30 K the
hyperfine field increases from 0 and in very low field, the
low-field demagnetization plateau is reached. Above 30
K, the magnetic fiuctuations are those preceding a
paramagnetic-ferromagnetic transition. But this time the
correlation length does not exceed 70 A at Tc and be-
tween 25 and 30 K. This correlation length is smaller
than that reached by the (Feo 65Cro 35)75P»C, o alloy in

the RSG temperature range. So if we considered only the
correlation length, we would say the x=0.60 sample be-
comes directly a spin glass. Contrary to what happens at
low temperature for samples with a larger correlation

length, the 70 A size domains of the x=0.60 sample can
be very easily aligned under an external magnetic field in
the 25 —30 K temperature range. The domains freeze
only below 25 K as their size decrease to reach finally 17
Aat5K.

In Fig. 20, the phase diagrams of the amorphous sys-
tem and of the Fe Cr& crystalline counterpart are
compared. The most obvious difference between the two
is the shift of the multicritical point from x=0.2 to
x =0.6. Such a difference comes partly from the addition
of metalloid atoms in the amorphous system. However,
even if we write the family of the x =0.6 system
Feo 45Mo» (M=P, C,Cr) the relative concentration of
iron in the amorphous system at the multicritical concen-
tration is still twice that of the crystalline system. This il-
lustrates the role played by the amorphous structure as
discussed by Boliang et al. It is noted that the Curie
temperatures of the amorphous and crystalline systems
also vary in a parallel fashion.

The neutron scattering data show a remarkable simi-
larity between amorphous and crystalline alloys having
the same Curie temperature. As seen in Fig. 8, the rela-
tive proportion of critical scattering and subcritical
scattering are very similar when the Curie temperatures
are close. In Fig. 21, the Feo 26Cro 74 crystalline sample
whose Curie temperature is 178 K is between that of the
amorphous alloys whose Curie temperatures are 134 and
181 K. It is thus apparent that for the Fe-Cr system, the
occurrence of reentrant phenomena is closely linked to
the magnitude of the Curie temperature. If the Curie
temperature is related to the average exchange (J) and
the driving force to reentrance to the exchange Auctua-
tion ( 6J ), we suggest that for a given (J ), the ( 6J )
are very similar in both amorphous and crystalline sys-
terns, independent of the iron concentration.

FIR. 21. Reduced temperature dependence of the spin
stiftness D/kT, for x =0.70, x =0.725, and x =0.75 in the
amorphous (Fe„Cr, )»P»C» alloy (a), and for x=0.26 and
x =0.34 in the crystalline Fe Cr, „system (b) [20j and after
reinvestigation [dashed lines, Ref. 45].
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