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A study was made of the spatial structure of spin correlations in magnetic materials with
competing random spin-spin interactions. The intensity of low-angle scattering of polarized
neutrons and their depolarization in disordered Fe-Ni-Cr alloys was measured. An analysis was
made ofthe temperature and momentum behavior of spin correlations in a system exhibiting a
sequence of paramagnetic-ferromagnetic-spin glass (P-F-SG) phase transitions. The lowtemperature phases of such magnetic materials exhibited not only thermodynamic but also frozen
spin configuration correlations. The temperatures of the phase transitions and the critical
exponent v of the correlation radius were determined. The neutron depolarization was found to be
highly sensitive to magnetic P-F-SG and P-SG phase transitions and to irreversible effects in the
SG state during magnetic annealing. The problems of interpretation of the low-angle scattering
data were discussed in detail.

1. INTRODUCTION

-.

In recent years there has been considerable interest not
only in dilute ("classical") spin glasses of the Mn,Cu,
type, but also in concentrated spin systems with a competing
random interaction, such as Eu,Sr, -,S, (Fe,Mn, _,
),
P,,B,Al,, Fe,Cr, -,, etc.Iw4Systems of this kind, both crystalline and amorphous, exhibit a strong competition of random ferromagnetic and antiferromagnetic interactions
between various pairs of atomic spins and, in contrast to
dilute magnetic materials, where interactions with opposite
signs are practically equiprobable, the ratio of the probabilities of opposite signs in concentrated alloys is determined by
the composition of the alloy. Therefore, depending on the
concentration x , a transition to the spin glass (SG) state may
occur either directly from the paramagnetic ( P ) phase or via
a state characterized by a macroscopic magnetic moment.
The state formed as a result of cooling from the ferromagnetic ( F ) phase is usually called in the literature the reentrant
SG phase.
It therefore follows that the systems referred to above
have a phase diagram which includes not only the P and SG
phases, but also the F phase. The existence of a three-phase
diagram in the case of systems with a competing interaction
was recently predicted by Sherrington and Kirkpatri~k.~
The majority of magnetic measurements have demonstrated that both the magnetization and the susceptibility of
such systems depend similarly on temperature. In particular, in addition to an increase in the susceptibility and the
appearance of the magnetization on transition to the F
phase, these quantities exhibit a fall with temperature in the
region of the transition to the reentrant spin glass phase. If
the transition takes place from the P to the SG state, the
temperature dependence of the magnetic susceptibility exhibits a characteristic kink, etc. It is also shown in Ref. 3 that
in the vicinity of phase boundaries a system of alloys based
on metallic glasses exhibits universal critical behavior of the
magnetic susceptibility. A scaling analysis is used in Ref. 3 to
construct phase diagrams representing four systems of
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amorphous alloys. The critical exponents, different for each
of the above-mentioned phase transitions, are practically the
same for every one of these alloy systems.
Qualitatively similar phenomena are observed in the
system under discussion and in the temperature dependences of the cross section for low-angle neutron scattering.1.2n4For example, if the phase transition sequence P-FSG takes place, then in addition to the anomalies of the usual
critical scattering in the vicinity of T,, the low-angle scattering cross section increases also as a result of a transition to
the reentrant spin glass state. If the transition to the spin
glass phase occurs directly from the paramagnetic phase,
then the temperature dependence of the low-angle scattering
cross section has a fairly wide maximum in the region of a
kink in the temperature dependence of the susceptibility.
The universal critical behavior of the magnetic susceptibility discovered by Yeshurun et aL3 suggests that the scaling laws should apply in the vicinity of phase boundaries in
such systems and also to spatial spin correlations. However,
one should bear in mind that, in contrast to ordered systems,
these correlations include also contributions not only of ordinary thermodynamic fluctuations, but also of configuration fluctuations. Their appearance is due to the existence of
frozen local moments with random magnitudes and directions. This circumstance, which is not very important in investigations of the susceptibility, is very significant in the
description of the neutron data. The point is that the neutron-scattering cross section is proportional: as is known, to
the Fourier transform of a spin correlation function and,
therefore, it includes contributions of both types of correlation. On the other hand, the magnetic susceptibility is related directly solely to thermodynamic spin fluctuations.
In magnetics with random competing interactions the
freezing of local moments and, consequently, the appearance of spin configuration fluctuations of the magnetization
occurs on transition to the F and SS states. However, it is
very important to note that in the SS phase these fluctuations
are not absolutely frozen and should relax slowly. In fact, it
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is assumed at present that the most important property of
the SS phase is its fundamental nonequilibrium (and nonergodicity ), which accounts for the following experimentally
observed irreversible effects: magnetic viscosity, magnetic
memory, etc. (see, for example, the reviews in Refs. 6 and 7).
According to the current ideas,'-'' these slow spin relaxation effects are due to the existence in the SS state of a macroscopically large number of degenerate low-energy states
(valleys). The distribution of valleys and barriers between
them is assumed to be such that it gives rise to a wide spectrum of relaxation times, which is estimated in Ref. 11 to
extend from 10-l2 to lo2' S. Clearly, the existence of such a
spectrum should give rise to a logarithmically slow evolution
not only of homogeneous quantities (magnetization, susceptibility, etc.), but also of inhomogeneous spin correlations.
It should be pointed out that the appearance of effects of
slow relaxation is expected not only on transition from the P
to the SS phase, but also in the low-temperature range of the
F phase.12In other words, the phase diagram of a magnetic
material with random competing interactions should have1'
a region of coexistence of F and SS properties. This region
should be regarded as a separate phase. Sometimes it is
called the mixed phase. In the case of Heisenberg magnetic
materials this phase exhibits asperomagnetic ordering of the
atomic spins when not only configuration fluctuations of the
components of atomic spins parallel to the magnetization
may be observed, but also configuration fluctuations of the
transverse components. The asperomagnetic ( A ) phase is,
like the SS state, nonergodic. Therefore, these two types of
configuration fluctuations are of nonequilibrium nature in
the A phase and they should relax slowly.
The transition to the SS state from the A phase is possible either as a result of cooling or due to an increase in the
degree of competition between random spin-spin interactions. Such a transition should be accompanied by disappearance of the magnetization, but this does not mean that
complete isotropization of spin correlations takes place. The
SS phase adjoining the A state may, in principle, be anisotropic and the phase transition from it to the isotropic SS
state can occur as a result of further cooling.
Phase diagrams under discussion and the properties of
spin correlations in each of the phases are largely hypothetical. The proposed scheme is based, on the one hand, on the
results of theoretical investigations carried out so far only
for the simplest models very far from reality. On the other
hand, some of the proposed hypotheses are generalizations
of the results of numerous experiments involving investigations of the phase diagram of disordered magnetic materials
(see, for example, the reviews in Refs. 6 and 7).
The present paper reports an investigation of spin correlations in magnetic materials with competing spin-spin interactions carried out by the method of low-angle scattering
of polarized neutrons and a check of the validity of the above
picture of these correlations in description of the experimental data. In the second section we shall discuss in greater
detail the temperature and momentum behavior of spin correlation functions in different phases of disordered Heisenberg magnetic materials. We shall summarize the results obtained in the molecular field approximation" and use the
scaling theory ideas to obtain expressions for spin correlation functions, which will then be employed in an analysis of
the experimental data.
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In the third section we shall give the results of measurements of the scattering cross section and polarization of neutrons carried out on disordered Fe,, - ,Ni,Cr,, alloys in a
wide range of temperatures and for different concentrations
x. We shall show that the neutron data support the conclusions of earlier magnetic measurements14that this alloy system exhibits not only the P and F states (for x)25), but also
the SG state. The temperature dependences of the low-angle
scattering cross section are typical of systems with a threephase diagram.4 The polarization measurements reveal a
high degree of sensitivity of the polarization not only to
phase transitions which occur in the investigated system, but
also to irreversible effects characterizing the SG state.
The fourth section is devoted to an analysis and interpretation of the experimental data. In particular, we shall
show in this section that the intensity of the low-angle neutron scattering can be described quite satisfactorily by an
expression which is a sum of the Ornstein-Zernike formula
and of its square, and we shall demonstrate that the reciprocal of the radius of spin correlations deduced from an analysis of the data by means of this expression tends to zero both
in the region of the transition from the P to the F state, and
also in the vicinity of the transition from the F to the SS
phase. The preliminary results of our study had been published as a preprint.13
2. SPIN CORRELATIONSAND NEUTRONSCATTERING IN
DISORDERED MAGNETIC MATERIALS

Before we discuss the structure of spin correlations in
various phases of disordered magnetic materials, we shall
recall the familiar relationships between a correlation function X;p(t,t') of the projections of the atomic spins Sp
located at points with the coordinates ri and r j , on the one
hand, and the intensity of the scattering of unpolarized neutrons I,,, , on the other:

In the above formulas q = k' - k represents the momentum
transferred in the scattering process, w = E ' - E is the
transferred energy, k and k' are the momenta, E and E ' are
the neutron energies before and after the scattering; the averaging is carried out over thermal spin fluctuations and over
all possible realizations of spin-spin interactions.
Equations ( 1) and ( 2 ) are strictly speaking valid only if
the scattering system is in a state of thermodynamic equilibrium. Then, the correlation function X ; O is independent of
t ' and it can be represented conveniently as follows:

where the indices T and c represent thermodynamic and
configurational averaging, respectively; M is the magnetization averaged over a sample; m iis the local magnetization;
Runov eta1
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the functions 6 ;D and G zD(t) represent configuration and
thermodynamic correlations of spin fluctuations.
Substituting Eqs. ( 3 ) - ( 6 ) into Eq. ( I ) , we obtain

Iq,,a(6as-eaee) {[MaMBSo(q)
+ZTqaB]2n6
(a)+GqaR(a)),
(7)
where S,(q) is the atomic structure factor. The momentum
dependence associated with the magnetic atomic form factor
will be ignored, since we shall be interested only in the scattering through small angles.
It follows from the definition of Eq. ( 5 ) that the configuration fluctuations appear only in disordered magnetic materials and they are observed simultaneously with freezing of
the local moments mi,i.e., below the Curie point. In the P
phase we find naturally that only the last term of Eq. ( 7 )
differs from zero.
As pointed out in the Introduction, the SG phase is fundamentally nonequilibrium. Therefore, the correlation function of Eq. ( 2 ) generally depends on two times t and t ', and
the scattering intensity of Eq. ( 1) depends on the observation time t '. In experiments, averaging during the observation time occurs in an interval determined by the required
statistical precision of the results of measurements. A detailed analysis demonstrates that, because of the logarithmic
nature of the slow relaxation processes in the SG phase, the
change in the scattering intensity during our measurements
does not exceed a few percent. Within these limits we can
assume that the correlation function of Eq. ( 2 ) does not vary
with the time t ', i.e., we can assume that the scattering process is steady-state.
In the SG phase the equilibrium values mi and M vanish. However, even then we can introduce an analog of a
configuration correlation function g i j ( w ) . However, now
the correlation function does not describe correlations of
frozen local moments m i ,but those spin fluctuations which
have a wide spectrum of relaxation times. Naturally, the
contribution of such fluctuations to I,,, is not proportional
to the 6 function of w, as in Eq. ( 7 ) , but becomes infinite in
the limit w 0 [varying, for example, as (w ln2w)-'-see
Ref. 151. On the other hand, the contribution of thermodynamic correlations to I,,, is considerably less singular in the
limit 0-0 and, according to Ref. 16, in the SG range it is
proportional to w - 'I2.
We shall not discuss in detail the problems of spin dynamics, because our experimental data on low-angle neutron
scattering were obtained without measurement of the transferred energy w. We shall simply note that the intensity I(8)
of neutron scattering to a given angle 8 is proportional to a
equal-time spin correlation function X , if we can ignore the
dependence of the transferred momentum q on w . Since for
9<1andw<~,wehaveq~(w)=:k~
+[ (w/2E)'],wecan
8~
ignore the dependence of q on w if the main contribution to
the integral of I,,, with respect to w comes from the transferred energy range which satisfies the inequality w <2E8.
This means that if a, is the characteristic energy of spin
fluctuations, then the inequalities w 5 a , , < 2E8 should be
satisfied throughout the relevant integration domain.
Inelastic neutron scattering experiments2." carried out
on systems similar to that which we investigated have shown
that the energies transferred as a result of the scattering are
indeed small throughout the investigated ranges of tempera-

-
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tures and scattering angles. Estimates, obtained on the basis
of our polarization measurements, have indicated that the
scattering inelasticity is weak also under our experimental
conditions ( a method which makes it possible to obtain such
estimates is described in Refs. 18 and 19).
We shall therefore assume that the measured low-angle
scattering intensity is given by the expression

where q =:kt?, and c:Dand Gyp are simultaneous correlation
functions of configuration and thermodynamic fluctuations,
respectively.
We shall now discuss the momentum dependences of
these correlation functions for different phases.
a) Spin correlations in the paramagnetic phase

We have pointed out above that in the paramagnetic
range only the correlation function of thermodynamic fluctuations G:* = SaDGq,differs from zero. It is known that in
the case of ordered magnetic materials this correlation function is described well by the Ornstein-Zernike formula:

where A is a constant of the order of the square of the reciprocal of the interatomic distance a; x is the reciprocal radius of the correlations; Y is the correlation-radius exponent.
In the case of three-dimensional Heisenberg ferromagnets
we have Y =:2/3.
Cooling enhances the spin correlations and at T = T,
for q = 0 the correlation function of Eq. (9) becomes infinite. Naturally, a phase transition should occur in a similar
manner in disordered magnetic materials. However, in view
of the competition between the spin-spin interactions there is
a major difference from the behavior of ordered magnetic
materials: even the P phase of a disordered material exhibits
SG fluctuations in addition to fluctuations of the ferromagnetic order parameter, i.e., of the magnetization. The correlation function of such fluctuations is (for details see Ref.
13)
amg , , - ((S,"SJP), (S,'SJS>,+(SiaSjb>, (Sipsj'>,>,
= '/* glj{6aR678+6s06R7}.

(10)
Moreover, there are also quadrupole fluctuations with the
following correlation function (see Ref. 13)

g;"'=

( (SlaSlbSj'SJb~T
- (SFSjR)

(S27S:)T)o.

(11)

The correlations of these two types are not usually measured directly in experiments. Nevertheless, they have a considerable influence on the evolution of the experimentally
determined ferromagnetic correlations. This is because these
correlations, like those of the magnetization fluctuations,
grow as a result of cooling at a rate which may be faster than
the growth of ferromagnetic correlations and the transition
occurs not to the F but to the SG phase.
The molecular field approximation was used in Ref. 13
to calculate all three types of correlation functions Gtp,
g:DY*, and g:DY' for the Sherrington-Kirkpatrick model.5 As
expected, the correlations of each of the order parameters
are described in this approximation by the Ornstein-Zernike
formulas. However, whereas in the case of the ferromagnetic
Runovetal
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correlations we find, as in Eq. (9), that x a rv,the reciprocal
of the correlation radius of the spin glass fluctuations obeys
x, = ( 7 6) V',where as usual the following expressions are
obtained in the mean-field approximation:

+

where T, is the Curie temperature and Tf is the temperature
of the transition to the SG state. If we consider formally the
dependencesof x and x, on T, Tc,and Tf, we can say that PF transition line is described by the equation x = O, whereas
the phase boundary between the P and SG states is described
by x, = 0. However, it is clear that if < > 0, then we have
x, > x for the whole P phase and if q = 0 and x = 0, the
correlation function G vanishes and we have g # oo . If 6 < 0,
then throughout the P region we find that x, < x and if q = 0
and x , = 0, the spin glass correlation function g diverges
and we have G # ~ 4 According
.
to Ref. 13, throughout the
temperature range where T > Tc and T > Tf, the function g
does not become infinite at q = 0 and the anisotropic spin
glass phase is not obtained.
In the case of real disordered magnetic materials the
transition temperatures Tc(x) and Tf(x) depend on the
atomic concentrations of the components of the magnetic
system. The dependences Tc( x ) and Tf ( x ) plotted using the
coordinates (T, x) determine the positions of the phase
boundaries between the P and F o r SG states (see, for example, Fig. 1). The intersection of these lines Tc(x) and Tf ( x )
governs the position of the triple point in the phase diagram.
The above specific formulas for the dependences of x
and x, on rand 6, and also the Ornstein-Zernike formula of
Eq. (9), are valid only as long as the correlations of fluctuations of the order parameter are small, i.e., they are valid
away from the Tc( x ) and Tf(x) transition lines. On approach to these lines we must allow for the mutual interaction of fluctuations growing in the vicinity of T, and Tf. This
should give rise to more complex dependencesof x and x, on
Tand x, and also to changes in the nature of the functions Gq
andg,. We shall not consider this topic and simply point out
that far from the triple point, but close to the T, ( x ) line, we
have to allow only for the interaction of the F fluctuations
with one another. This alters greatly the exponent in the

FIG. 1 . Magnetic phase diagram of Fe,,-xNi,Cr,, alloys based on the
data of Ref. 14: 1 ) paramagnetic (P)phase; 2) ferromagnetic (F)phase;
3 ) spin glass (SG)phase.
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temperature dependence of the correlation radius [see Eq.
(9) 1. However, in a wide range of the parameters q and x the
function Gq ( x ) changes only slightly. In particular, in the
limit when q) x, instead of Eq. (9) we should strictly speaking use the following expansion G,( x ) in terms of the parameter x/q < l (Ref. 13):

However, in the above formula the small quantities include
not only the Fisher parameter 7 4 1 , but also the constant
A 4 1, and for not too small ratios x/q Eq. ( 12) is practically
identical with the corresponding expansion of Eq. (9).
b) Correlationsin the ferromagnetic phase

In the F range, i.e., at temperatures T < Tc( x ) , the appearance of a spontaneous moment M is accompanied by an
anisotropy of the tensor of spin correlations and in addition
to the thermodynamic fluctuations of the magnetization in
disordered magnetic materials, we can have also frozen configuration correlations.
We shall first consider the properties of the thermodynamic correlations. We shall write the correlation function
G in the form

GIa@-GIL (Gab-mamP)+GqilmamR,m=MM-I.
(13)
It is shown in Ref. 13 that in the molecular field approximatioq if 745, the functions G and G lj are described by

:

(14)
In this approximation the difference between the nature
of G and G: from that appropriate to the ordered case is
the appearance of a factor 6 - ' I 2 in the expression for the
correlation radius x-'. This means that the scale of critical
fluctuations in disordered magnetic materials depends not
only on temperature, but also on the degree of disorder, i.e.,
in fact it depends on the proximity to the triple point in the
phase diagram. As in the case of the P region, an allowance
for the interaction of the fluctuations alters the temperature
and momentum dependences of the correlation functions in
Eq. ( 14). We shall assume that x =
where v is the exponent of the correlation radius which has to be determined
experimentally.
It is natural to assume that far from the triple point the
changes in the momentum dependence of the correlation
functions in Eq. (14) should be slight for q s x , exactly as in
the case of ordered magnetic materials. However, an
allowance for the interaction of the fluctuations in the hydrodynamic range q <x deserves a separate discussion. This
is due to the fact that the interaction of transverse fluctuations with one another in ordered magnetic materials
makes an additional contribution to the longitudinal correlation function GI[,which is proportional to q-'. Naturally,
this should occur also in disordered magnetic materials. In
the limit q-0 such a contribution obviously determines the
behavior of G i.However, according to Ref. 20 (see also the
review in Ref. 21 ), in the expression for G f this contribution
has a small numerical factor and for finite values of q the
formulas of Eq. ( 14) may still be valid.
It is shown in Ref. 13 that under the conditions of validity of the formulas in Eq. (14) the correlation function of

\TI",

Runov eta/

184

longitudinal configuration fluctuations is as follows:

where Qll = ((mj1)2)cis the longitudinal Edwards-Anderson parameter; a ( Tf/T,) when Tf4 T,and 3 1 when

-

Tf-Tc.
It follows from Eqs. ( 15) and ( 16) that the configuration correlations are absent from ordered magnetic materials, i.e., at Tf= 0, and also in the case of the P phase at
temperatures T > T,.Moreover, since in the ergodic ferromagnetism range we have Q = ( ( m f )') = 0 (see Ref. 13),
it follows that the corresponding configuration correlation
= 0. Equations ( 15) and ( 16) were
functions vanish:
obtained in Ref. 13 without allowance for the interaction of
different types of fluctuations. Therefore, the range of their
validity is limited and is probably the same as that of the
formulas for the thermodynamic correlations [Eqs. (14)
and ( 9 ) 1 . As in Eqs. ( 14) and ( 9 ) , we have to assume that
Q 1 - M a 171ZP and x cc [ T I v , where p is a new independent
exponent. It is interesting to note that in the range of validity
of the molecular field theory we have Q li - M a x2,where
x cc IT]" and Y = 1/2. However, this means that the scaling
( x ) and G , ( x ) are equal. If this equadimensionalities of I?,
lity applies also in the critical region near E,, then the exponent isp = Y .
In the F phase we find, as in the P phase, that the F
fluctuations in disordered magnetic materials are accompanied also by SS fluctuations. As already mentioned, if 6 < 0,
these fluctuations prevent transition to the state F as a result
of cooling. If 6 > 0, then correlations of the SS order parameter continue to rise also below T,and this may result in the
formation of a mixed phase or in a phase transition to the SG
state at some temperature T,( x ) < T,( x ) .
c) Correlations in the spin glass and mixed phases

First of all, we must point out that there have been practically no theoretical investigations of the behavior of spatially inhomogeneous spin correlation functions in the SG
state. Therefore, the correlation picture proposed below is
based only on very general ideas on the properties of the SG
phase and on some estimates which can be drawn employing
simple models of this phase. We recall that, according to the
current ideas (for a review see Ref. 22), the SS phase is
bounded in the phase diagram by the lines of transition from
the P phase Tf( x ) and from the F phase T,( x ) , and that a
region where the F and SG properties coexist adjoins directly the SG phase. This mixed phase is separated from the
ergodic F state by the phase transition line t i (x).
Clearly, the correlation radius of the magnetization
fluctuations in the SG phase depends on the distance in the
phase diagram from the phase exhibiting a spontaneous moment, i.e., by the distance from the phase boundary T,( x ) .
On the other hand, as already pointed out, the SG state is
fundamentally of nonequilibrium nature. Therefore, the
characteristic scale of these correlations should also depend
on the observation time and on the proximity to the boundary Tf( x ) of the transition to the nonequilibrium state.
The correlation radius, like other physical quantities,
varies logarithmically slowly with time and it is quite diffi185
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cult to observe such variation in neutron experiments. In
view of the nonequilibrium nature of the SG state, the observed scattering intensity given by Eq. ( 8 ) should include a
contribution of the slowly relaxing configuration fluctuations
Using the methods of Refs. 15 and 23 we can show that
in the case of SG phase when 9% x, we have 8, cc q-4, whereas in the opposite limiting case the value of 8, is independent
of q. Therefore, 8, can be approximated roughly by an
expression analogous to Eq. ( 15):

%.

In precisely the same way we find that instead of Eqs. ( 14)( 16) the mixed (or asperomagnetic A ) phase is described by

It is important to stress that 5, and x, may differ to zero only
because of the nonergodicity of the state A. Their values, like
the values of iill
and xll,are defined for characteristic observation times.
In the longitudinal correlation functions of M the quangll, and xll relax slowly to their finite equilibrium
tities el1,
values and, therefore, we generally have iill
# 2, and xll # x, .
However, in real experiments the difference between xll and
x, and also between 5, and 5, may be small. In fact, the
nonequilibrium correction to xll and CII and the values of 2,
and x, depend on the separation from the boundary between
the regions of equilibrium and nonequilibrium ferromagnetism Ti.On the other hand, the equilibrium parts of jilIand
xll are determined by the proximity to the boundaries of the
regions in which the magnetization vanishes. Therefore, if
the phase diagram is plotted in such a way that for a given
concentration x the magnetization is weak throughout the
investigated range of temperatures, then away from the temperature of the transition to the A state the nonequilibrium
correction to the correlation radius may become greater
than its equilibrium value. This is precisely the situation
which occurs in our experiments discussed below.
We shall conclude this section by noting that the formulas for the configuration correlation functions of systems
with a random anisotropic exchange, similar to those given
above, had been obtained before in Refs. 24 and 25, and for
systems with random magnetic fields in Refs. 26 and 27. The
results of application of the formulas of Refs. 26 and 27 to
the experimental data are discussed in Ref. 28. Finally, an
analysis of the scaling asymptotes of the correlation functions of the configuration fluctuations is given in Ref. 29.
3. DESCRIPTIONOF EXPERIMENTS

Alloys belonging to the Fe,, -,
Ni, Cr,, (at.% ) systems
with the fcc lattice were investigated by the method of scattering of cold polarized neutrons. The phase diagram of the
magnetic state of these alloys of interest to us was plotted in
Fig. 1 on the basis of magnetic and neutron-diffraction measurements.'4 The investigated alloys were characterized by
nickel concentrations x = 21, 24, 26, and 28, i.e., very close
to the concentration x = 25 corresponding to the tricritical
point (the main experimental data will be given for the alloys
with x = 24 and 26). Our samples were rectangular plates of
Runov et at.
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25 X 8 mm dimensions and of 4-mm thickness along the neutron beam.
Measurements were made using a multidetector system
for the study of low-angle scattering of polarized neutrons
described in Ref. 30. Detectors (comprising 20 helium
counters of the SNM-50 type) were located in a horizontal
plane with angular separations between the centers amountrad. In these experiments the system had
ing to - 4 x
the following collimation parameters: along the horizontal
the angular divergence of the incident 8,, and scattered 8 ;,
whereasin
ando;, = 1.7 x
beams was 8, = 1.3 x
the vertical direction the corresponding values were
8, = lop2 and 8 = 1.4X lo-'. The average value of the
wavelength over the spectrum was ( A ) = 9.9 A
( M/A-30%).
A sample was placed in a vacuum isolated container
and immersed in a helium bath in a cryostat. The optimal
heat exchange conditions between the sample and the bath
were selected by varying the pressure of gaseous helium in
the vacuum jacket surrounding the sample. A bifilar heater
surrounding the sample made it possible to vary its temperature without creating a magnetic field in the sample. The
heat transfer between the sample and the heater was improved by filling the container with gaseous helium. The
stabilization system ensured that temperatures of the sample
I , rel. units

X, rel. units

FIG.3. Dependences I ( T ) for the alloy with x

= 26 obtained for different
~ 6 ) 1 . 5 10W2
~
k ' ;7 )
transferred momenta: 5 ) q = 1 ~ 1 0 -k';
2 . 2 l~o p 2 k';
8) 2.7X 10V2 kl.
The arrows identify the same temperatures as in Fig. 2.

were maintained to within 0.1 K. Protection from uncontrolled external fields was provided by a magnetic screen
inside the cryostat. A system of guiding fields ensured that
the direction of the polarization vector of neutrons Po was
set adiabatically along the axes of a laboratory coordinate
system.
The experimental data obtained in one series of measurements on alloys with x = 26 and 24 are plotted in Figs.
2-5. Figures 2 and 3 give the temperature dependences of the
scattering intensity I ( T ) obtained for different values of
q = (ko)8, (8, is the scattering angle in the horizontal plane
and (k,) = (2a/A ) ) and of the polarization P( T) obtained
using the central counter and the alloy with x = 26. The
average data-acquisition time at a given temperature was 45
min. The scattered neutron intensity (Figs. 2 and 3) was
plotted after subtraction of the background of neutrons scattered by the cryostat and of the background representing the
scattering by the sample, measured at T = 65-70 K.
The scattered neutrons were recorded on both sides of
I , rel. units

FIG. 2. Temperature dependences of the intensity of the neutron scattering I, of the neutron polarization P, and of the magnetic susceptibility of
k';
2 ) 5 . 8 l ~o p 3 A ' ; 3 )
the alloy with x = 26: 1 ) q = 4 . 8 ~
7 . 4 l ~o p 3 k';
4 ) 8.5 X
k'.
The upward arrow identifies the position of the scattering maximum T , characterized by the minimum transferred momentum, and the downward arrow identifies T , . The continuouscurve is the dependence I ( T)calculated for q = 4.8 X I O W A - '. The
indices of zeros (on the left) denote here and later the positions of zeros of
curves labeled by the relevant numbers.

x
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FIG. 4 . Dependence Z(q) for the alloy with x = 26 at T = 4.5 K. The
continuous curve is calculated, the points are the experimental values, and
the dashed curve is the resolution function of the apparatus.
Runov et at.
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the incident beam. By way of example, we plotted in Fig. 4
the dependence of the intensity of the scattered neutrons on
the value of q for the alloy with x = 26 at T = 4.5 K. The
results plotted in Figs. 2 and 3 were obtained without deliberate application of an external magnetic field to the sample, but the presence of a guiding magnetic field, necessary
for the polarization analysis and directed in this case along
the beam axis ( z axis), meant that the sample experienced a
field Hz5 0.3 Oe.
On the whole, the low-angle scattering pattern was similar to that observed earlier for alloys with an analogous
phase diagram of the magnetic states (see, for example, Ref.
4). In particular, the critical scattering in the vicinity of T,
was weak, as also found earlier.',2.4A clear low-angle scattering peak was observed at T Z 15 K (Figs. 2 and 3 ) and its
position corresponded to the region of fall of the susceptibility of this alloy recorded at a frequency f = 217 Hz and
shown by a dashed curve in Fig. 2. The scattering maximum
shifted toward lower temperatures when q was increased. A
similar temperature dependence of the scattered-neutron intensity was observed also for the alloy with the nickel concentration x = 28, but in this case a reliable resolution of the
low-temperature scattering peak was possible only at temperatures below 4.2 K which was impractical in our experiments.
The temperature dependence of the polarization P( T)
of neutrons scattered to the central counter was also determined (Fig. 2 ) . In the high-temperature range this polarization curve was similar to the temperature dependence P( T)
usually observed for ordered magnetic materials undergoing
the P-F phase transition. As usual, the polarization in the P
phase was equal to the initial polarization Poof the beam and
it decreased strongly on transition across T,. However, the
dependence P ( T ) observed for our alloys had a number of
significant details distinguishing it from the dependences reported earlier for ordered ferromagnets3' First of all, we
found that in the vicinity of T, the polarization fell much less
rapidly than in the cases mentioned above, and in the F region it did not vanish for samples of thicknesses of the same
order as in Ref. 3 1. Moreover, as demonstrated by the inset
in Fig. 2, a considerable rise of P ( T ) began below 30 K.
According to the phase diagram of Fig. 1, transition to the
SG phase should occur in this region. In the case of the alloys
with a higher concentration of Ni ( x = 28), i.e., with a higher value of T, and a lower degree of disorder in the magnetic
subsystem, the polarization in the F phase fell to zero and, to
within lop3, remained zero throughout the temperature
range right down to T = 4.2 K. According to the phase diagram of Fig. l , the transition to the SS phase in this alloy
should occur at T, =: 15 K.
The experimental results obtained for the alloy with the
lower Ni content (x = 24) are plotted in Fig. 5. In this case,
as indicated by the magnetic measurements (Fig. 1), the F
phase was absent and a transition occurred from the P to the
SS phase at Tf= 22 K. The magnetization and susceptibility
measurements were also made (Fig. 6). The temperature
dependence of the intensity I of the scattered neutrons was
determined for q = 5X l o p 3 A ' (Fig. 5a). The temperature dependence of the polarization P ( T ) of neutrons recorded by the central counter (9-0) was also recorded
(Fig. 5b). All these measurements were made when the tem187
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FIG. 5. Temperature dependences of: a ) the intensity of the neutron scatb) polarizatering I ( T ) by the alloy with x = 24 and q z 5 X 10W3k ' ;
tio.~P ( T ) of neutrons reaching the central counter, obtained in "zero"
magnetic field ( I ) , in a field H , = 62 Oe after preliminary cooling to 4.2
K in zero field ( 2 ) ,and after cooling to 4.2 K and measurements in a field
H, = 62 Oe ( 3 ) .

perature of a sample, cooled initially to 4.2 K, was increasing. The results plotted in Fig. 5 and represented by symbols
1 were obtained when both the cooling of the sample and the
measurements were carried out in "zero" external field (i.e.,
in a guiding field of Hz 5 0.3 Oe). The results denoted by 2
were obtained when the sample was cooled in zero field and

FIG. 6. Temperature dependences of the magnetization M in a field
H = 62 Oe and of the susceptibility x of the alloy with x = 24: e)cooling
to 4.2 K in zero field; 0)cooling to 4.2 K in a field H = 62 Oe.
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the measurements were carried out in a field of H x = 62 Oe,
which was applied at T = 4.2 K (in this case the x axis was
directed vertically, parallel to the long side of the sample).
Finally, the results denoted by 3 were obtained when both
the preliminary cooling and the measurements during heating were carried out in a field of Hx = 6.2 Oe. It is clear from
Fig. 5a that for q -,5 X l o p 3A- ' the scattered-neutron maximum rose by just 5% above the high-temperature background. The temperature of the scattering maximum agreed
well with the temperature of the maximum of the susceptibility curve in Fig. 6. A relatively weak field ( H = 62 Oe)
reduced strongly the maximum of the scattering cross section (compare results denoted by 2 and 3 with those denoted
by 1). The scattering decreased strongly on increase in the
transferred momentum q. For example, for q > 7.5 X l o r 3
A-' the scattering maximum practically disappeared even
in zero field.
The polarization decreased as a result of cooling (Fig.
5b) reaching a minimum in the region of the maximum of
the low-angle scattering I(T) . However, it should be pointed
out that the minimum of P( T) did not coincide exactly with
the maximum of I(T). Further cooling increased the polarization again but it did not reach the values found at higher
temperatures. It is clear from this figure that the polarization began to fall at fairly high temperatures ( ~ 4 K5) , i.e.,
in the far P region of the phase diagram in Fig. 1. This was a
very unusual effect, since in the case of disordered ferromagnets the depolarization of neutrons in the P phase has not
been observed before. The exception was the direct vicinity
of T,, where depolarization amounted to a few percent (see
Ref. 3 1), in agreement with the estimates obtained by Maleev and R ~ b a n o v . ~Moreover,
'
an external magnetic field
had, at first sight, a very unusual effect on the depolarization. For example, the application of a fairly weak field of
H = 62 Oe parallel to Poincreased the depolarization almost
threefold. However, in the case of ordered magnetic materials an external field usually reduced the depolarization.
It is clear from Fig. 5 that the temperature dependence
of the polarization in a field applied at low temperatures
depended on the method of cooling, i.e., irreversible changes
typical of a strongly degenerate SG phase were observed
(see, for example, the reviews in Refs. 6 and 7). A similar
irreversibility had been observed before, usually in measurements of the magnetization of a sample under various cooling conditions (see, for example, Ref. 33). The results of
such measurements for this alloy were plotted in Fig. 6,
where the black dots represent the preliminary cooling in
zero field and subsequent measurements of the magnetization in a field H = 62 Oe, whereas the open circles represent
cooling and measurements in a field H = 62 Oe. An analysis
of the temperature dependences P ( T) and M ( T) in Fig. 6
indicated that the temperatures of appearance of irreversible
effects agreed to within better than 1 K.
We shall conclude this section by noting that the lowangle scattering cross section and particularly the polarization were extremely sensitive to small changes in the composition. For example, in the case of the samples with x = 28
and 26 we observed a very strong depolarization of neutrons
at low temperatures, whereas in the case of a sample with
x = 24 in a field H = 0 the change in the polarization was
approximately 13%, whereas for a sample with x = 21 the
depolarization did not exceed 0.2%.
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We shall not consider here the problems of quantitative
interpretation of the results of our depolarization measurements. This will be done in a separate communication where
in particular we shall show that such measurements can be
used to study the processes of slow relaxation, dependence of
such relaxation on the magnetizing field or temperature, etc.
4. ANALYSIS AND INTERPRETATIONOF RESULTS

a) Selection of the parametrization method

In this section we shall consider the experimental results reported above and use the main concepts on the nature
of the spin correlations introduced in Sec. 2. We recall that in
addition to the thermodynamic correlations in disordered
magnetic materials, the low-temperature phases exhibit also
configuration correlations. Moreover, expressions describing these types of correlations were obtained in Ref. 13 for a
parametrically defined region of the P and F phases. However, our experimental results were obtained in a wide range
of temperatures which could possibly include temperatures
where these formulas would be inapplicable. We mentioned
already those theoretical problems which can be solved in
order to provide a description of the correlation in all the
phases of systems with a competing random interaction. At
present many of them are the subject of intensive theoretical
studies but have not yet been solved. Therefore, it is quite
natural to describe the experimental results in terms of the
simplest variant of the theory allowing however for the important feature of the possibility of appearance of configuration spin correlations. We shall limit the analysis of our data
to the intensity of the low-angle neutron scattering presented
in Figs. 2 and 3 in the case of the sample exhibiting the F
phase.
First of all, we shall derive an expression which can be
used to analyze these data recalling that the spin correlation
tensor is anisotropic in the F region. Therefore, the scattering cross section includes contributions of the components
of this tensor both longitudinal and perpendicular to the
magnetization. In principle, as shown in Refs. 34 and 35,
these contributions can be found separately in the experiments. We have drawn attention above to the fact that this
would be very interesting to do particularly in connection
with the problem of asperomagnetism mentioned above.
Moreover, if such a separation is not carried out, then even in
the simplest case when there is no asperomagnetism, the
cross section is governed by the sum of the contributions of
three terms [see Eqs. ( 7 ) and ( 8 ) 1. This complicates greatly
an ambiguous interpretation of the experimental data, since
this would require additional assumptions about them
which we shall discuss below.
Allowing for the finite angular resolution, the expression for the scattering intensity I ( q ) used in the analysis of
the data is as follows:
,(PI=-

J d p ~ ( px ,) ~ ( p - p ) .

(19)

Here, R (q - p) is the resolution function of the apparatus
approximated by a Gaussian function and represented by the
dashed curve in Fig. 4. The integrand K ( p , x ) is a sum of two
terms:
K ( p , r.) =A , l ( p Z + ~ 22)+ A 2 / ( p Z + ~ Z=sf+
)
sZ.

(20)

The first term in the above expression should describe the
Runov et aL
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contribution of the configuration correlations, in accordance with Eqs. (8), ( 14), and ( 15), whereas the second
corresponds to the thermodynamic correlations.
We analyzed the experimental data presented in Figs. 2
and 3 using Eqs. ( 19) and (20) and this was done simultaneously for all the scattering angles by the method of least
squares. The results were then used to find three independent parameters A,, A,, and x for each temperature T. For
our sample we plotted in Fig. 4 (continuous curve) the dependence of the intensity on q calculated from Eqs. ( 19) and
(20) at T = 4.5 K. The temperature dependence of the intensity calculated using the parameters deduced by the leastsquares method is represented by the continuous curve in
Fig. 2. We can see from this figure that the calculated curve
reflects all the features of the behavior of the scattering of
neutrons characterized by q = 4 . 8 ~
b;-I, although it
lies somewhat below the experimental points which is probably due to the error in the subtraction of the background.
We shall now consider the temperature dependences of the
parameters x , A,, and A,.
b) Temperature dependence of the correlationradius

It is clear from Fig. 7 that the correlation radius
R, = x-' rises rapidly as a result of cooling in the P region.
Unfortunately, the large error prevents us from drawing any
definite conclusions on the nature of the rise and thus checking the theoretical predictions in this range. However, it
should be pointed out that-in spite of the practically complete absence of the critical scattering maximum in Figs. 2
and 3-the proposed analysis of the data allows us to identify the phase transition region which coincides with the region of a rapid fall of the polarization curve P( T) in Fig. 2.
In fact, at T = T, the parameter x should vanish and
this natyrally cannot be observed in real experiments. The
precision of direct determination of the Curie temperature is

x.'ti

FIG. 7. Temperature dependence of x . The arrow identifies T,.
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naturally then limited by the minimum angular resolution of
our experiments. We found that the parameter 7t became less
than the momentum resolution of the apparatus at T = 54
K,'which agreed well with the value T, z52 K found from
the magnetic measurements.
Then, in the temperature range from T = 54 K to z30
K the values of this parameter were found to be experimentally indistinguishable from zero. This naturally did not
mean that x = 0 was true for the whole region of the F phase.
Moreover, we know that the correlation radius R, should
decrease and its reciprocal should rise away from T, also in
the F state. However, there are grounds for assuming that
throughout the investigated range of temperatures the correlation radius of our system should be anomalously large. In
fact, in contrast to ordered magnetic materials, it follows
from Eq. ( 14) that the value of x contains not only a temperature factor 7, but also an additional small factor { representing proximity to the triple point in the phase diagram.
Equation (14) is derived on the assumption that the
values of the parameter 5 are not too small, i.e., that {)T.
Otherwise the correlation radius R, = x-I of Eq. ( 14)
should be determined by the separation between a given
point in the phase diagram and the triple point. Its value
should depend relatively weakly on temperature and it
should be governed primarily by the relative concentration
IX - X, x o - ' 1, where x, is the concentration corresponding to the triple point in the phase diagram of Fig. 1. However, then the parameter x(T,x) should be small in this
range of temperatures and the measure of smallness should
be the ratio Ix - x,Ix,-I.
At lower temperatures the phase boundary of the reentrant SG state should begin to affect the results and the correlation radius should fall again, i.e., the value of x should
rise. In the case of the investigated alloy the experimental
resolution was insufficient to observe these effects in the ferromagnetic phase. This was why a relatively rough approximation allowed us to describe the experimental data, obtained throughout the full wide temperature range, by such a
simple formula as Eq. (20), containing just three parameters. Otherwise we would have to distinguish between the
longitudinal and perpendicular correlations, i.e., we would
have had to introduce at least one additional parameter [see
Eqs. (14) and ( I S ) ] .
The nonmonotonic temperature dependence of the angular width of the scattering intensity curve for the F phase
had been reported for similar systems in Ref. 4. True, the
authors of Ref. 4 ignored completely the possibility of existence of configuration correlations in the F state and they
ignored both transverse thermodynamic fluctuations and
the contribution of their interaction to the longitudinal correlation function [see Eq. (14) and the discussion in Sec.
2b]. In other words, the results reported in Ref. 4 were obtained by an analysis of the data in accordance with the formula allowing only for the second term in Eq. (20). It
should be pointed out that it was mentioned in Ref. 4 that at
low temperatures such an analysis did not describe quite satisfactorily the experimental results. We also found that an
attempt to analyze our data without allowance for the first
time in Eq. (20) provided a much less accurate description
of the experiments.
Moreover, we made an unsuccessful attempt to describe
the experimental data in a different way. For example, we
Runov eta/
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replaced Eq. (20) with a dependence of the type
K(p,x) = A,(p2 x2) - p , but this yielded the temperature
dependences of the index p and other parameters that were
difficult to interpret. In the F region under discussion, defined by the condition x = 0 in Fig. 7, the scattering intensity
depended weakly on temperature with the exception of very
small values of q (Fig. 2). Therefore, we checked the validity
of Eq. (20) in this range by an analysis of the results usinginstead of Eq. (20)-the formula

+

in which we determined the parameters A,, A,, and f. It was
found that we could quite accurately assume that f = 4, as
expected in the case of validity of Eq. (20).
Some qualitative effects predicted in Fig. 7 were similar
to those reported in Ref. 4 in the case of the half-width of the
angular distribution of the scattering intensity. In particular, an increase in the half-width was reported in Ref. 4 for
low temperatures, whereas in our experiments the parameter x increased. This increase could naturally be explained
by a reduction in the correlation radius away from the
boundary TL representing the phase transition from the F
state to the reentrant SS phase.
It is worth noting that the phase transition temperature
deduced from the condition x = 0 was almost twice as large
as the value deduced from the magnetic measurements and it
0 The large difference between the
amounted to T i ~ 3 K.
phase transition temperatures obtained by different methods
was also reported in Ref. 4. In general, it was not surprising,
because the phase transition point corresponded to the appearance of an infinitesimally small magnetization in zero
external field throughout the sample, i.e., when q = 0.
Therefore, determination of the transition temperature required extrapolation of the experimental results, such as that
carried out in Ref. 3. Moreover, the transition temperatures
were frequently given a priori values corresponding to certain particular singularities of the temperature dependences
of the measured quantities. Traditionally in the neutron experiments it has been assumed that the phase transition temperature can be deduced from the position of the low-angle
scattering peak, although it is well known that the position of
this peak in the case of ordered magnetic materials depends
on the transferred momentum (see Ref. 36 and discussions
in Refs. 13 and 34). Similarly the positions of inflections in
the temperature dependence of the magnetic susceptibility,
identified with the phase transition temperatures (Fig. 2),
depend on the intensity of the measuring magnetic field and
its frequency. Therefore, the phase diagram of Fig. 1 is to
some extent nominal and no particular significance should
be attached to the observation that the position of the lowtemperature peak of the low-angle scattering in Fig. 2 is outside that region of Fig. 7 where x 0 and TL # T,.
However, several observations (see below) and particularly the excessively large difference between the values of
T i and T, make it necessary to consider other interpretations of our low-temperature results. It is shown in the preceding section that the transition to the mixed (or asperomagnetic) phase gives rise to a nonequilibrium correction to
the reciprocal of the correlation radius and this correction
increases as a result of cooling. However, the magnetization
does not vanish in the range T, < T < T i , as would follow

A

"#

rel. units

FIG. 8. Temperature dependence ofA,. The arrow identifies T ,

from direct measurements.I4 The interpretation of TL = 30
K as the phase transition temperature to a nonequilibrium
ferromagnetic state is supported also by the temperature dependences of the parameters A , and A, in Eq. (20).
c) Temperature dependences of the amplitudesA, and A,

It is clear from Figs. 8 and 9 that in the F region, defined
by the condition x = 0, the parameter A, is independent
(within the limits of the experimental error) of temperature,
in agreement with Eqs. (20) and ( 14). It changes somewhat
in the direct vicinity of T,, which is not in conflict with Eqs.
( 9 ) and ( 14). The numerator of the first term in Eq. (20),
which is A,, also differs from zero for the F phase. In the
temperature range T i 5 T 5 T, it is small and depends
weakly on T. At low temperatures T 5 TL both A, and A,
begin to rise and the rise ofA, is much faster than that ofA,.
The temperature dependence of A, ( T ) is readily explained if we assume that an asperomagnetic transition does
indeed occur at T = T i . In fact, as pointed out already, well
inside the F phase region the correlation radius and, conse-

A,, 10"rel. units

-
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FIG. 9. Temperature dependence of A,. The arrow identifies T,.
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FIG. 11. Temperature dependences of s,/s2 for different transferred momenta: 1) q = 5.8X 1 0 - ' A ' ; 2) q = 1.6X 10W2A ' .
7,K

FIG. 10. Temperature dependences of

x"'

and A

i'2v

for v = 0.65.

quently, the magnetization M as well as the Edwards-Anderson parameter Qll should depend weakly on temperature
for Ix - xolx; ' g 1. For the same reason that the parameter
x is small in the range T; < T < T,, the quantities M and Qll
should be small, i.e., the parameter A , should also be small
Below the transition temperature we can expect nonequilibrium and almost isotropic (because of the smallness of M )
spin fluctuations, so that Q l1=:Q ' [see Eq. ( 17) 1. Further
cooling increases the degree of nonequilibrium of the system
so that the quantities Qil and Q1 increase and the parameter
A , rises with them.
d ) Scaling parametrization of the temperature dependences
x(T)and A ( T )

If we assume that below the transition temperature T i
the correlation radius depends on the relative temperature
T = I T - T; I/Ti in accordance with a power law, we can
analyze the data of Fig. 7 in accordance with the formula

This gives the following values of the fitting parameters:

The degree to which the power law (21) for the reciprocal
correlation radius x is obeyed can be judged on the basis of
the data plotted in the upper part of Fig. 10. In the lower half
of this figure the data on A , are expressed in a form demonstrating the power-law dependence:

Within the limits of the experimental error it is found
that not only the transition temperatures T i = 31 K deduced from Eqs. (2 1) and (22) agree, but this is also true of
the exponents Y , and Y,, i.e., we have Y , =:v2=:Y . It is interesting to note that this value agrees well with the exponent of
the correlation radius Y =:2/3 for the F-P transition in ordinary ordered magnetic materials. Moreover, the equality
Y,
v2 ensures an approximately the same scaling temperature dependence of the configuration and thermodynamic
correlations. The ratio of their contributions in the investigated range of temperatures and momenta can be judged on
the basis of Fig. 11. Bearing in mind these circumstances we
can say, with the degree of precision characteristic of our
study, that the following relationship is obeyed:
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where y=:2~=:4/3is the susceptibility power exponent. It
should be noted that the value of the exponent y obtained in
this way is close to that deduced from a scaling analysis of
the magnetic measurements in Ref. 3 applied to similar systems undergoing the same phase transition. This is not trivial, because the magnetic susceptibility (as mentioned
above) is related directly only to the thermodynamic spin
correlations and not to the configuration correlations. It is
also clear from Fig. 11 that the role of the configuration
correlations rises as a result of cooling. Moreover, their relative contribution is greater in the case of small transferred
momenta.
Finally, we can make another very important observation on the basis of Figs. 7-10. It is that the critical behavior
of the investigated transition is observed in an unusually
wide temperature range T = 15-30 K. This is due to the
anomalously small value of the scaling parameter x0, which
is explained by the proximity to the triple point of the phase
diagram, i.e., by the factor which is responsible for the large
value of the correlation radius throughout the F range.
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