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Observation of two length scales of magnetic correlations in the Invar Fe75Ni25 alloy aboveTC
by means of small-angle neutron scattering and neutron depolarization

S. V. Grigoriev,* S. V. Maleyev, A. I. Okorokov, and V. V. Runov
Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg 188350, Russia

~Received 22 October 1996!

The magnetic phase transition in the iron-nickel fcc alloy Fe75Ni25 doped by carbon is investigated. Com-
bining neutron depolarization and small-angle neutron scattering analysis, we demonstrate the coexistence of
two length scales of magnetic correlations aboveTC in this intrinsically disordered system. A smaller scale
length is attributed to the critical fluctuations. The shape of these fluctuations is well described by the Ornstein-
Zernike expression. According to the strong depolarization aboveTC the larger-scale correlations with char-
acteristic lengthRd cannot be described by the Ornstein-Zernike expression and its shape could be roughly
modeled by the ‘‘squared Ornstein-Zernike’’ formula:^M (r )M (0)&;exp(2r/Rd). @S0163-1829~98!03425-0#
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The small-angle neutron scattering~SANS! experiments
proved to be a powerful method for investigation of ferr
magnetic phase transitions. The SANS technique allows
to measure a Fourier image of spin-spin correlation functi
in particular, its shape and its length, although the typi
resolution of SANS is limited by the range 10–1000 Å. O
the other hand, the neutron depolarization~ND! is mostly
contributed by the large magnetic inhomogeneities wh
cannot be resolved in conventional SANS experiments.
this reason, the SANS and ND experimental techniq
could be viewed as complementary ones, capable to pro
important information about the investigated disordered s
tems. Apart from the size of the magnetic inhomogene
ND provides indirect evidence about its shape. It is shown
Refs. 1–3, that in the case of critical fluctuations ND
rather small and magnetic correlations with a shape sim
to critical fluctuations lead to very small depolarization. As
result the observed depolarization can be ascribed to
magnetic clusters with relatively homogeneous distribut
of the induction inside them and with very large spatial
mension.

This paper is devoted to the investigation of a disorde
magnetic system undergoing the ferromagnetic phase tra
tion. In the experiment described below we observe a str
growth of the neutron depolarization in the sample of Inv
FeNi alloys in the paramagnetic temperature range, w
approaching from aboveTC . The enhancement of the neu
tron depolarization is attributed to the appearance of
large magnetic clusters (1042105 Å! in the system. Along
with this finding the usual critical correlations~with radius
Rc about 100 Å! are observed at the same temperatures
small-angle neutron scattering. As a result we demonst
the coexistence of two length scales in Invar FeNi al
aboveTC .

The similar situation with the coexistence of two inhom
geneity scales arises apparently in the SANS and neu
depolarization experiments in reentrant spin glasses.4,5 The
analysis of this problem is, however, not completed. Here
wish also to mention the paper by Wonget al.,6 where the
coexistence of the short-range spin-glass behavior and
ferromagnetic long-range ordering well below Ne´el tempera-
ture was demonstrated in the (Fe0.55Mg0.45)Cl2 compound.
PRB 580163-1829/98/58~6!/3206~6!/$15.00
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Apparently two length scales could manifest themselves
this system also. Regretfully, the corresponding results h
not been reported yet.

The situation with two length scales aboveTC was also
discussed for nominally pure materials.7–16 Actually, the re-
sults reported therein were stimulating issues for our stud
the disordered ferromagnet compounds aboveTC . The dis-
cussion of the two-scale problem was initiated by Andrew
report7 on the two-component line shape observed in
critical x-ray scattering associated with structural phase tr
sition in SrTiO3. At the temperature just aboveTC a very
narrow peak appeared which was superimposed on the
ready present broad peak of the usual critical scattering. T
fact implied the existence of a second, and larger, len
scale simultaneously with the usual correlation length of
critical fluctuations just aboveTC . Up to now the two-
component line shape has been observed by both x-ray
neutron-scattering measurements in the following s
stances: SrTiO3,7,8 Ho,9 RbCaF3,10 KMnF3,11 UPd2Al3,12

and Tb.13 In the last paper it was demonstrated that the
tensity of the narrow component was enhanced near the e
of the crystal which showed that its origin was mainly l
cated within the near-surface volume with a thickness
about 0.2 mm. At the same time the broad component
been observed over the whole crystal volume. As a resu
was suggested that the long-range correlations~the narrow
component! above the transition appeared due to the infl
ence of defects and surface strains on the ordering param
Preliminary theoretical interpretations of these experime
were proposed recently in Refs. 14,15. It was assumed
the second length scale could stem from quenched lo
range disorder. It was argued in Ref. 14 that this length sc
could be attributed to new critical behavior in the nea
surface region, while the bulk displayed the critical behav
of the pure system. It should be contrasted though to
recent paper,12 where it was shown that the second leng
scale was apparently inherent for UPd2Al3. We note that up
to now two length scales were observed in the nomina
pure materials. However appearance of the second leng
attributed to some kind of disorder in the systems undergo
a first-order transition related to the coupling of the stra
and order parameter.16
3206 © 1998 The American Physical Society
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PRB 58 3207OBSERVATION OF TWO LENGTH SCALES OF . . .
It is well known that alloys of Fe with Ni in the Inva
concentration range are strongly disordered systems.17 The
question arises whether an appearance of the large-sca
homogeneities atT.TC is connected with a disorder o
magnetic subsystem in Invar FeNi or it has another orig
We cannot now resolve this problem which needs furt
investigation. We believe however that the intrinsic disord
plays the crucial role in the appearance of the second le
scale.

I. THEORETICAL BACKGROUND

We demonstrate below how the complementary anal
of the small-angle neutron scattering~SANS! and neutron
depolarization~ND! data allows one to establish the coexi
ence of two magnetic correlation lengths in disordered fe
magnets just aboveTC .

It is known that the usual resolution of SANS rang
about 10–1000 Å, while the method of ND provides info
mation on a larger scale. It is very instructive to adopt
unified, quantum-mechanical point of view on the neutr
scattering and depolarization. We sketch below some b
notions. If a neutron interacts with inhomogeneity of sizeR,
its momentum acquires uncertainty of order of\/R. This
interaction gives rise to a small-angle scattering withqW

;\/R perpendicular tokW . The depolarization of neutron
transmitted through the sample is a result of unresol
small-angle magnetic scattering within angular width of t
beam~Maleyev and Ruban1–3!. In this case depolarization i
determined by the integral cross section of scattering norm
ized per one magnetic atomsC , within the acceptance angl
of the central detectorC. It has been shown that the magn
tude of the neutron depolarization depends on the rela
orientation of the initial polarizationPW 0 and neutron wave
vector kW as well as on the magnetic anisotropy of t
sample.1–3 For a magnetically isotropic sample and ifPW 0'kW
we have for the polarization of transmitted beam

P5P0exp„~23/2!•sCN0L…, ~1!

where N0 is the density of magnetic atoms andL is the
thickness.

We see that the neutron depolarization allows one to
termine the total scattering cross sectionsC for q<kC
5qmin , i.e., it contains the integral information about th
inhomogeneities with large size,R>1/qmin . On the other
hand, for SANS the momentum transfer lies in the rangq
>kC which corresponds to inhomogeneities with a sizeR
<1/qmin .

It is well known from neutron scattering that one c
obtain the spin-correlation length of critical fluctuations a
its temperature dependence.18,19 This spin-correlation length
is the single important length scale which exists in the cr
cal region aboveTC . As the Curie point is approached, th
size of the critical correlationRc increases unlimitedly as
Rc5at2n, wherea is of order of the interatomic distance
t5(T2TC)/TC is the reduced temperature, andn is the
critical exponent of correlation length; in ferromagnetic m
terials we haven'2/3. The diffuse cross section of SAN
in-
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aboveTC is given by the Ornstein-Zernike formula and in
creases as temperature approachesTC :18–20

ds

dV
5

2

3
r 0

2g2S~S11!
1

r 1
2

1

Rc
221q2

, ~2!

whereq'k•u is momentum transfer, (g0r 0)250.292 b,S is
an atomic spin, andr 1 is of order of interatomic distance.

For the cross sectionsC we have nearTC

sC5
2

3
pr 0

2g2S~S11!
1

~kr1!2
ln@11~kaCt2n!2#. ~3!

In real experiments the temperature stabilization and te
perature gradient within the sample restrict the value oft by
the conditionutu>tmin , where usuallytmin;1024. Substi-
tuting this minimum valuetmin into Eq.~3! for l;10 Å one
obtainssC<0.5 b. If L is of order of a few millimeters and
N0'1023, the depolarization reaches a value of the order o
few percent only. The small value of the critical ND has be
confirmed experimentally:21 the value ofDP/P0'1% has
been found for Ni monocrystal withL50.5 cm andl53 Å
at t51024.

This small depolarization is a result of weakness of
magnetic correlations inside the rangeRc . Indeed in real
space the Ornstein-Zernike correlation function is prop
tional to (1/r )•exp(2r/Rc), i.e., forr ,Rc it decreases as 1/r .
At the same time in the case of the finite-size inhomoge
ities with rangeRd the corresponding correlation function
essentially independent ofr for r ,Rd . In this case if@C
@(kRd)21# all scattered neutrons enter the central detec
and the neutron depolarization may be considered cla
cally. As a result one may rewrite Eq.~1! in the Halpern-
Holstein form and forPW 0'kW we have1

P5P0expX2 1

2S gB~T!

v D 2

RdLC, ~4!

whereB is the magnetic induction inside the inhomogenei
v is the neutron velocity, and the factor~1/2! appears instead
of ~1/3! due to above-mentioned dependence of the depo
ization on the relative orientation ofPW 0 andkW . In this clas-
sical limit we havesC;Rd , while for the Ornstein-Zernike
correlationssC;a ln(kRcC)!Rc . It is the reason why the
Ornstein-Zernike fluctuations give rise to much weaker
polarization than the finite-size inhomogeneities. The m
consequence of the above consideration is the statemen
the Ornstein-Zernike correlations cannot produce strong
and it does not depend on their rangeRc .

The studies of traditional ferromagnets, e.g., Ni powde21

and Fe polycrystal22 undergoing a magnetic phase transitio
confirm this description of the neutron depolarization. Co
trary to these previous experiments, in the study repor
here, the depolarization aboveTC is revealed to be much
larger than the one calculated with the use of SANS data
Eqs. ~1! and ~3!. We attribute the enhancement of the ne
tron depolarization to the appearance of large-scale magn
inhomogeneities along with the usual critical fluctuations
T.TC .
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II. EXPERIMENTAL DETAILS

We chose for the present study the Fe75Ni25 alloy with fcc
structure doped by carbon 0.7 at. %. The addition of car
helps one to get a wholly austenite sample at room temp
ture with Curie temperatureTC higher than martensite tran
sition temperatureTm . In our sample we haveTm5150 K
and according to magnetic susceptibilityTC5190 K.23 We
will demonstrate below that the Curie point determined t
way coincides with the temperature of magnetic transit
obtained from SANS data. Additionally, the identification
austenitic fcc structure aboveTm and martensitic bcc struc
ture belowTm was carried out by means of neutron diffra
tion on the Mini SFINKS high-resolution Fourier time-o
flight powder diffractometer.24 These measuremen
confirmed that the sample had fcc structure in the initial s
without admixture of any other phase and acquires the
structure after cooling belowTm .

The sample had the form of a plate with dimensions
31031.3 mm3. It was mounted in the refrigerator RNK10
300. The temperature stability was about 0.1 K. The te
perature was lowered from 270 to 120 K in steps of 1 K. T
temperature dependences of SANS and both depolariza
and intensity of the transmitted beam were measured sim
taneously. The magnetic contribution was separated u
the scattering intensity at temperature 270 K as a nonm
netic one, where ND completely disappears. The polariza
of the transmitted beam is determined in the usual way.
neutrons were polarized perpendicularly to their initial m
mentum PW 0'kW and parallel to the measured momentu
transferPW 0iqW . This experimental geometry allowed us to e
timate the inelastic contribution to the magnetic scatter
~see below!. A guide field of 0.5 Oe was applied to th
sample.

In this experiment the SANS facility ‘‘Vector’’ installed
at the reactor WWR-M~Gatchina! has been employed.25 It
contains 20 3He detectors supplied with the polarizatio
analysis for each scattering channel. The initial polarizat
was better than 94%; intensity at the sample amounte
I 0573103 n/(s cm2), the incident wavelength was set
l510 Å with dl/l'30%. The setup vector covers th
range of the momentum transfer 331023<q<331022

Å21 in a horizontal direction with a step equaling 331023

Å21.

III. RESULTS AND DATA ANALYSIS

A. Constant-q temperature scan

The temperature dependence of the scattering inten
I (T) at various momentum transfers is shown in Fig. 1. T
principal features are mentioned. First, a broad maxim
centered nearTC5190 K occurs which is associated with th
critical neutron scattering. As momentum transferq dimin-
ishes, this maximum shifts to lower temperatures. Since
position of the maximum changes withq the critical tem-
perature cannot be unambiguously defined this way. H
ever, the critical temperature determined below by the s
ing analysis coincides withTC obtained by susceptibility
measurements.

Secondly, at temperatures belowTm5150 K a growth of
the SANS intensity is observed. The analysis of bothq de-
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pendence of SANS intensity and diffraction measurement
temperatureT,Tm allows one to identify this phenomeno
with the appearance and growth of bcc structure in
sample. The difference betweenTC andTm amounts to 40 K,
and therefore one can neglect a direct influence of the st
ture phase transition upon the magnetic one.

The temperature dependence of the polarizationP(T) and
the intensity of the neutron scattering atq50.013 Å21 is
given in Fig. 2. The similar data for pure Fe shows that
beginning of depolarization coincides with the small-ang
scattering maximum~see, for example, Fig. 3 in Ref. 21!.
This result is in agreement with the above-mentioned th
retical predictions for depolarization by critica

FIG. 1. The temperature dependence of SANS intensity at v
ous momentum transfersq ~0.007, 0.013, 0.018, 0.023 Å21). No
background corrections have been made.

FIG. 2. The temperature dependence of the transmitted b
polarization and scattering intensity at momentum transferq
50.013 Å21 for Invar FeNi alloy.
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PRB 58 3209OBSERVATION OF TWO LENGTH SCALES OF . . .
fluctuations.1–3 Namely, the depolarization by the critica
fluctuations cannot exceed a few percent within the wh
paramagnetic range (T.TC).

The strong discrepancy between the results of exp
ments with pure Fe and with Invar FeNi alloy becomes n
obvious. For FeNi alloy as well as for pure Fe the polariz
tion of a transmitted beam pertains to its value atT@TC and
is equal to the polarization of an incident beamP0. As the
temperature of the sample approaches the transition temp
ture, depolarization appears. However, in contrast with
iron sample, the polarization begins to diminish for the
vestigated FeNi alloy at temperatureT0'TC125 K and con-
tinues to fall within the range 215–180 K. At the Curie tem
perature (TC5190 K! polarization is equal to 25% of th
incident one. According to the analysis given in Sec. I
corresponds to the appearance of the magnetic finite-siz
homogeneities in the temperature rangeTC<T<T0.

B. q dependence of the scattered intensity

In the data presented in Fig. 1 the nonmagnetic ba
ground has not been subtracted. Following the standard
cedure we determine theq dependence of pure magnet
scattering, adopting as a background the spectra at the h
est temperatureT5270 K.

The resulting inverse intensityI 21(q) is plotted in Fig. 3
as a function ofq2 at various temperatures so as to verify
validity for the Ornstein-Zernike expression:

I ~q!5
A

q21k2
, ~5!

whereA andk are the scattering amplitude and the inve
correlation length, respectively. We see that all data s
show the linear dependence ofI 21(q) on q2. More precise
results are further obtained by fitting the experimental po
with the function I (q,k) convoluted with the resolution
function. The temperature dependence of parametersA and

FIG. 3. The inverse intensityI 21(q) as a function ofq2 for q
,0.03 Å21 at various temperaturesT.TC .
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k2 is obtained from least-squares fits of Eq.~5! in the mo-
mentum transfer rangeqP(0.0120.025) Å21.

The value ofA increases monotonically with lowering o
the temperature and has a weak maximum nearTC . The
square of inverse correlation lengthk2(T)5Rc

22 first de-
creases with lowering temperature atT.195 @corresponding
to parametert5(T2TC)/TC in the range~0.02–0.2!# and
then becomes essentially constant~Fig. 4!. The temperature
dependence ofk2 in this range obeys the power lawk2(t)
5k0

2
•t2n with n50.6860.04, k0

250.01460.002 Å22. The
calculated dependenceRc

22(T) with the parameters obtaine
from the fits is plotted in Fig. 4 by the full line.

The critical exponent of correlation lengthn coincides
within the error bars with the value found for the Heisenbe
ferromagnets.4,5 Extrapolating the abovet dependence ofk2

on the temperatures below 195 K we getk250 at TC5190
K which coincides with the Curie temperature determined
the susceptibility measurements.23 The fact thatRc

21 does
not apparently vanish atTC may be attributed to a distribu
tion of TC’s in the sample. Meanwhile it could be an intrins
feature of systems with a competition of the exchan
interactions.26

In the previous analysis we assumed that the inelasti
of the scattering could be neglected. However we use
neutrons with a large wavelengthl'10 Å and this assump
tion should be verified. Performing the analysis of the pol
ization of the scattered neutrons one can estimate the co
butions of elastic and inelastic scattering toI (q).7 It is
known27,28 that in the case of small-angle quasielastic sc
tering on magnetic fluctuations, the polarization of the sc
tered neutronsP changes its sign without any depolarizatio
if the initial polarizationPW 0 is along the scattering vectorqW .
It is a consequence of the expression

PW 52eW•~eW•PW 0!, eW5qW /q, ~6!

whereqW is the vector of the momentum transferred. We ha
measured the final polarization in the geometry wh

FIG. 4. The temperature dependence of square of inverse c
lation lengthk25Rc

22(T).
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3210 PRB 58GRIGORIEV, MALEYEV, OKOROKOV, AND RUNOV
PW 0iqW'kW , and have found thatP52PW 0•(160.05) for all
temperatures aboveTC . It means that the inelastic contribu
tion does not exceed 5% of the total magnetic scattering
lies in the error limits. As a result we conclude that t
quasistatic approximation is valid in our case.

The theoretical estimate confirms the experimental
sults. Indeed, the characteristic energy of the critical fluct
tions in ferromagnets forq.k is given by Refs. 29,30
V(q)5TC(q•a)5/2, where a is of the order of the inter-
atomic distance. ForTC'200 K'20 meV and intermediate
values of q (q•a)5/2'1023, we have then V(q)'2
31022 meV!En'1 meV. As a result, we see that inela
ticity of the critical scattering is small as compared with t
elastic contribution, in spite of the rather small neutron e
ergy.

C. The mean free path of the neutrons

The simplest analysis of the obtained data can be car
out using the concept of the mean free path of the neutr
scattered in the rangesq>kC5qmin andq<kC that corre-
spond to inhomogeneities of a sizeR<1/qmin and R
>1/qmin , respectively.

We saw above that in the casePW'kW the cross sectionsC

for the magnetic scattering in the rangeq<kC may be de-
termined by Eq.~1!. This equation defines also the mean fr
path of neutrons in magnetic media for the scattering
large-scale inhomogeneities (R>1/qmin) as l C5(3/2
•sCN0)21.

At the same time the transmission coefficientI (T)/I 0 can
be considered to be a result of absorption and small-a
scattering off the angular width of the transmitted bea
where I (T) and I 0 are the intensity of neutrons pass
through the sample and intensity of the incident beam.
can attribute the whole temperature dependence of the tr
mission coefficient t(T)5I (T)/I (270 K) to the critical
magnetic scattering off the central detector~hereT5270 K
is the highest paramagnetic temperature of the meas
ments, where the magnetic scattering disappears!. A corre-
sponding cross section is denoted ass (12C) . As a result we
have

t~T!5I ~T!/I ~Tp!5exp~2s~12C!•N0L !, ~7!

and we can determines (12C) and the corresponding mea
free pathl 12C5(s (12C)N0)21 of neutrons in magnetic me
dia for small-scale correlationsR<1/qmin .

The valuesL/ l C , L/ l 12C are numbers of scatterin
eventsN1(R.1/qmin) and N2(R,1/qmin) in the sample of
the thicknessL, respectively. The temperature dependence
both values is shown in Fig. 5. From this figure it is seen t
the valuesN1 and N2 have different temperature depe
dences. As temperature decreases,N2 increases weakly
while the temperature evolution ofN1 is similar to that ofN2
at the temperatureT@TC and has strong growth at temper
ture T<T0'215 K. The dramatic growth ofN1 is observed
as temperature diminishes fromT0 to TC and the strong scat
tering on the large-scale inhomogeneities becomes evide
d

-
-

-

d
ns

n

le
,

e
ns-

re-

f
t

t.

IV. DISCUSSION: TWO LENGTH SCALES

In this section we will demonstrate the coexistence of t
length scales for magnetic fluctuations aboveTC . In Fig. 6
we present the temperature dependence of the correla
lengthRc extracted from scattering data. It is seen that c
relation lengthRc increases smoothly asT decreases in value
from about 30610 Å at T5220 K up to 120610 Å at T
5TC .

Simultaneously from the neutron depolarization data
establish the size of magnetic clusters. Using Eq.~4! one can
determine the product̂B2&Rd only. Therefore we should
make some rather arbitrary assumption about the value^B2&
to roughly estimateRd . This approach is justified since ou
task is to demonstrate thatRd>Rc . According to Ref. 17 the
magnetic moment per atom in the alloy Fe75Ni25 is equal to
0.4mb at T50, and taking into accountN0'1023 we obtain

FIG. 5. The temperature dependence of the numbers of sca
ing eventsN1(R>1/qmin) and N2(R<1/qmin) along the sample
lengthL. T0 is temperature where the depolarization appears.

FIG. 6. The temperature dependence of correlation radiusRc

and roughly estimated size of inhomogeneitiesRd .
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PRB 58 3211OBSERVATION OF TWO LENGTH SCALES OF . . .
B(0)54pM (0)'4 kG. Substituting L50.13 cm and
B5B(0)/2 into Eq.~4!, the temperature dependence ofRd is
calculated and is shown as a full line on Fig. 6.

It is clear thatRd obtained in this way may be considere
only as a lower boundary and no possibility exists to obt
the real temperature dependence of magnetic inhomogen
size. Nevertheless, the obtained size is around 1032105 Å,
that is by two orders of magnitude larger than critical cor
lation length over all the temperature rangeT>TC . There-
fore the polarization data have been interpreted as a resu
the appearance of a second, larger scale of inhomogen
Rd(T) as compared to the critical correlation lengthRc(T).
At the same time, as we mentioned above, the structure
inhomogeneities appropriate for both scales strongly dif
from each other. The low-scale correlations are described
the Ornstein-Zernike expression: (1/r )•exp(2r/Rc). At the
same time, as it is shown in Sec. I the observed depolar
tion may be explained if the large-scale correlations hav
,
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finite-size shape presumably the Ornstein-Zernike squar
which in real space is given by exp(2r/Rc). As a conse-
quence of that we believe that the mechanism of the appe
ance of both types of inhomogeneities is different. In sum
mary, we demonstrate the coexistence of two length scale
magnetic correlations aboveTC in the intrinsically disor-
dered system using neutron depolarization and small-an
neutron scattering measurements.
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