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Magnetic phase transition in disordered Fe-Ni alloys studied by means of small-angle neutron
scattering and three-dimensional analysis of the neutron depolarization
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The magnetic phase transition in iron-nickel fcc alloys Fe70Ni30 doped by carbon~0.7% at.! is investigated
using the three-dimensional analysis of the neutron depolarization~ND! and small-angle neutron scattering
~SANS!. The coexistence and the growth of two different scale magnetic correlations are observed in a
paramagnetic phase as temperature closes toTC . The usual critical fluctuations of a Lorentzian shape with size
Rc,200 Å are found by the analysis of SANS intensityI (q). The ND analysis shows also presence of the
large scale correlations~about 1032104 Å) with the ‘‘squared’’ Lorentzian shape. We attribute these large
scale correlations to local variations of the Curie temperatureTC . The localTC variations are described by the
disorder parameters of the system:^TC&, a spread ofTC variationsDTC , and characteristic size of the local
areasR0, whereTC variations occur. The ratio between the depth of theTC variations (DTC /^TC&) and its
characteristic correlation lengthR0 /a (a is a lattice constant! determines a scenario of the transition: ‘‘per-
colative’’ or ‘‘homogeneous’’ ones. AtR0 /a@(DTC /^TC&)22/3 locally ordered ferromagnetic regions appear in
paramagnetic phase and form a large percolative cluster. In this case the connectivity length of the ordered
regions dominates at the correlation length of thermal fluctuations. Therefore this transition goes in accordance
with the ‘‘percolative’’ scenario. All three parameters of the transition are obtained from the data of the three
dimension analysis of the ND. From the temperature dependence of the magnetization, we found^TC&5397
60.5 K andDTC54.5560.05 K. From ND data we estimated the temperature independent characteristic
sizeR0 of the TC variations. It is equal to 104 Å.

DOI: 10.1103/PhysRevB.64.094426 PACS number~s!: 75.50.Bb, 61.12.Ex, 75.40.2s
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I. INTRODUCTION

The problem of a coexistence of two length scales for
fluctuations of the order parameter above the phase trans
temperatureTC has been extensively discussed for twe
years, ever since Andrews reported a line shape consistin
two components in the critical x-ray scattering associa
with the structural phase transition in SrTiO3.1 The large
scale fluctuations, present along with the critical fluctuatio
of an ordinary lengthscale, are attributed to some kind
disorder in the system and could be connected with quen
ing of the long-range disorder.2

Similarly, we established the coexistence of two differe
spatial scale lengths in the magnetic correlations in in
FeNi alloys aboveTC by means of a neutron depolarizatio
~ND! and small-angle neutron scattering~SANS!
measurements.3,4 It was shown in Refs. 3,4 using SANS th
the smaller scale length is attributed to the critical fluctu
tions and their shape is well described by a Lorentzian
momentum transferred space. Using neutron depolariza
~ND! much larger magnetic inhomogeneities were fou
above TC . Their shape could be roughly modeled by
‘‘squared Lorentzian’’ expression. Later on, ordinary ND w
replaced by three-dimensional analysis of the ND in orde
study how these large magnetic inhomogeneities nearTC ap-
pear.

In the present paper we continue the investigation of
ferromagnetic phase transition in a disordered FeNi alloy
homogeneous ferromagnets the phase transition is of se
order. However, spin lattice interaction leads to a first or
0163-1829/2001/64~9!/094426~10!/$20.00 64 0944
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transition. This change of type of the transition should
strongly enhanced in the Invar by the combination of stro
spin lattice interaction and disorder. On the other hand, i
well known that point defects do not change the type of
transition. Meanwhile large scale disorder leads to spa
fluctuations of the transition temperature as was pointed
by Ginzburg.5 These localTC variations are described b
average Curie temperature^TC&, a spread ofTC , DTC , and
a characteristic sizeR0 of the areas with differentTC .

Since at the Curie temperature long-range order appe
it is, by definition, a macroscopic characteristic of the ma
rial. Then areas of the scaleR0, mentioned above and attrib
uted to the localTC , have to be essentially mesoscopic o
jects. To be such, the sizeR0 should be much greater than th
size Rc of the critical fluctuations. Here the concept of th
critical fluctuations with their correlation lengthRc stems
from the scaling theory of the critical phenomena. Inde
the scaling theory of the second order phase transition
plies the only scale length which determines the propertie
the material near the phase transition. This is the correla
length of the critical fluctuations of the order parameterRc
5at2n, wheret5(T2TC)/TC is the reduced temperatur
andn52/3 is a critical index in pure materials.

Starting from this basic supposition (R0@Rc) Ginzburg5

suggested that some number of magnetic clusters app
above^TC& as a result ofTC variations. As there is no con
nection between them, there are randomly oriented mag
tized regions, so the mean magnetization equals zero. As
temperature decreases, the connection between the mag
clusters enhances. Hence a nonzero value of the mean
©2001 The American Physical Society26-1
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netization appears at temperatureTp . This temperatureTp
corresponds to the~geometric! percolation threshold, i.e., th
number and size of the ferromagnetic clusters become
enough to join all regions with nonzero local magnetizatio
This temperatureTp can be considered as the true Curie te
perature. This is the percolative scenario of the phase tra
tion in the disordered system. This concept received rece
extensive development in the work of Korzhenevskiiet al.6,7

where an explanation of the two scale length phenome
was also given~see Refs. 1–4, and references therein!. The
authors discuss the phase transition in an Ising model w
large scale disorder. Following the terminology of Refs. 5–
we assume that due to compositional disorder in the sam
we have a local critical temperatureTC(r ) which varies ran-
domly as a function of position within the sample~Fig. 1!. In
analogy to scaling theory we introduce the local reduc
temperature expressed ast(r )5@T2TC(r )#/^TC&5^t&
1Dt(r ), where^t&5@T2^TC(r )&#/^TC& is the average re
duced temperature andDt(r ) is the value of a random varia
tion of t(r ). The variableDt(r ) is assumed to be Gaussia
with average 0 and a full width at half maximum (FWHM
5t1. Its spatial dependence is characterized by a correla
function G(r /R0) defined by

^Dt~0!Dt~r !&5^t~0!t~r !2^t~r !&2&5t1
2G~r /R0!, ~1!

whereG(r /R0) has for limits:G(0)→1 andG(`)→0.
Thus, the disorder is characterized by two parameters:

depth of the TC variations expressed ast1
2

5^(DTC)2&/^TC&2, and the large, but finite correlatio
lengthscaleR0 of the disorder. In the scaling theory the ma
properties of the system are described by value of the
duced temperaturet. The correlation length of the critica
fluctuationsRc is also function oft. In order to get the uni-
fied formalism, the disorder parameterR0 may also be de-
fined using reduced temperature scale viat25(a/R0)3/2,
wherea is a lattice constant.6,7 The parametert2 corresponds
to the point on the temperature scale, where the thermal
relation length reaches the valueRc(t2)5at2

2n5R0, with
n52/3. Therefore, the value of ratiot1 and t2 defines the
scenario of the transition. Whent2@t1, i.e., R0!at1

22/3, at
the temperature pointt1, where the disorder starts to play a
essential role, the thermal correlation lengthRc5at22/3

turns to be much larger than the disorder correlation len
R0. Therefore the disorder is insufficient as in the case

FIG. 1. The local critical temperatureTC(r ) is randomly distrib-
uted around̂TC& over the sample in a ‘‘percolative’’ scenario whe
R0@Rc .
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point defects and we get the ‘‘homogeneous’’ scenario.
opposite caset2!t1 , R0@at1

22/3, the thermal fluctuations
do not destroy the locally ordered regions and that is a b
of a percolative transition~Fig. 1!. ~For more details see
Refs. 5–7!. The critical fluctuations do not play a big role i
this scenario. They are averaged overTc spread, so that thei
average correlation lengtĥRc& is of order ofat1

2n through
the whole range of the critical temperatures.

Note, however, that the effect of the dipole interaction
the ferromagnets is ignored in the percolative scenario p
posed in Refs. 5–7. The dipole interaction blocks actua
the percolation. As soon as it happens, a domain structu
formed in the sample. Thus the correlation length of the
homogeneities does not become infinite at some tempera
The applied magnetic field moves out the domain walls a
let the magnetization ‘‘percolate’’ along the field directio
According to Refs. 5–7, the percolation temperature is c
sidered to beTp5^Tc&(11t1). However, the magnetic
structure caused byTc variations still remains inhomoge
neous. We suggest the continuous growth of the size of
inhomogeneities with lowering temperature and discuss
suggestion below~Sec. IV!.

Due to the linear dependence betweenTC(r ) and Dt(r )
and from the assumption of a Gaussian distribution ofDt
with temperature, one can derive the distribution function
TC variationsr(TC) with center^TC(r )& and spreadDTC
5t1^TC&. For a pure ferromagnet it looks similar to ad
function of temperaturer(TC)5d(T2TC). In case of a dis-
ordered system let us consider it to be described by
Gauss law

r~TC!5
1

A2p~DTC!2
expS 2

~TC2^TC&!2

2DTC
2 D . ~2!

In the interpretation of our experimental data we show t
for invar FeNi alloy the case, whent2!t1, is realized and
then the ferromagnetic phase transition goes in accorda
with the ‘‘percolative’’ scenario. Our experimental finding
demonstrating coexistence of two scale lengths of the m
netic correlation3,4 are well described by the theoretical co
cept proposed in Refs. 5–7. Continuing the study of
‘‘two scale’’ problem, we use the three-dimensional~3D!
neutron depolarization analysis as an appropriate meth
The magnetization and depolarization of the neutron be
was measured as a function of temperature at different m
netic fields. We fitted the temperature dependence of
magnetization by the convolution of the distribution functio
r(TC) and the scaling law for the magnetization in a pu
system. The parameters of the distribution functions^TC&
and DTC , were obtained. The analogous procedure be
carried out with ND data results in finding the scale para
eter of the disorderR0 in Eq. ~1!. The temperature depen
dence of the characteristic size of the magnetic inhomoge
ities was also derived from the data. The result presente
this paper is an extension of the previous works.3,4 In the
previous works the size of the magnetic inhomogenei
nearTC was estimated of order 1032105 Å. In the present
study it is transformed to the characteristic sizeR0 of theTC
6-2
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MAGNETIC PHASE TRANSITION IN DISORDERED Fe- . . . PHYSICAL REVIEW B64 094426
variations which is equal to 104 Å. Therefore the results
obtained earlier and those presented here are qualitativel
same. The essential difference is that at present we h
applied the concept explaining appearance of the large s
magnetic inhomogeneities aboveTC and have obtained th
quantities ^TC&, DTC , and R0 describing this magnetic
phase transition in the disordered system.

The paper is organized in the following way. Section
gives experimental details concerning the sample studied
setup and the formula describing a ND experiment. The
sults of the measurement are given in Sec. III. To interp
our data, we use the theoretical concept of theTC variations
described above. Section IV presents the interpretation o
experimental results according to this model and the fi
conclusion.

II. EXPERIMENTAL

A. Sample

The alloy Fe70Ni30 doped by 0.7% at. carbon, having full
fcc structure, was chosen for the study. A plate with dim
sions 3031031.1 mm3 was used as a sample. The additi
of carbon is necessary to get fcc structure throughout sam
at room temperature. The identification of fcc structure w
carried out by means of neutron diffraction on the Min
SFINKS high-resolution Fourier time of flight~TOF! powder
diffractometer at the WWR-M reactor, Gatchina.8 It is well
known also that introduction of a small amount (;1%) of
carbon in the FeNi alloy results in a growth of its Cur
temperature due to an increase of the internal pressure
due to the strong magnetovolume coupling.9 The
paramagnetic-ferromagnetic phase transition is smeared
between 390–400 K. The transition point determined
SANS measurements is equal toTf538661 K ~ the indexf
is referred to ferromagnet!. It is the temperature which th
correlation radius of critical fluctuations becomes maxim
and saturated at.

B. Neutron depolarization: experimental

The neutron depolarization measurements describe
this paper were carried out using the mirror setup SP at
Delft. Figure 2 gives its schematic outline. A polychroma
neutron beam emerging from a 2 MW swimming-pool type
reactor is polarized by a mirror polarizer (P). Using rotator

FIG. 2. Scheme of the neutron depolarization setup SP at
Delft: P polarizer,T1, T2 polarization rotators,S sample position,
A analyzer, MC monochromator crystals, MD detectors for mo
chromatic beams.
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(T1) the polarization of the beam can be successively
tated towards one of the laboratory axesj ( j 5x,y,z). After
the transmission through the sample holder containing
sample, positioned in the sample box ofm metal ~S! the
polarization can be successively analyzed along the di
tions i ( i 5x,y,z), using a second polarization rotator (T2)
and an analyzer (A). By Bragg reflection at a monochro
mator crystal ~MC!, neutrons with wavelengthl5(0.32
60.02) nm are reflected into the neutron detector~MD!. A
magnetic field is applied to the sample in the y direction. I
created by a coil wound on the sample. In order to minim
the sample demagnetization field, the sample together w
the coil is positioned in a magnetic yoke which short-circu
any flux emerging from it. In turn the yoke is mounted in
furnace whose temperature could be regulated to better
0.1 K between 300 and 500 K.

The relation between the polarization of the neutron be
Pi j and the intensityI i j measured in the detector~MD! is
given by

Pi j 5d i j 2~ I i j /I shim!, ~3!

where I shim is the intensity of the fully depolarized beam
The first and second subscripts denote the projections of
initial and transmitted polarization on thei , j axes, respec-
tively. All measured elements are normalized to correct
the depolarization caused by the setup. This normaliza
factor P0 is determined from the measurement of the len
of the polarization vector well abovêTC&.

C. Neutron depolarization: theory

The polarizationPW 8 of the beam after transmission is re
lated to the initial polarizationPW 0 by the 333 depolarization
matrix D̂:

PW 85D̂•PW 0. ~4!

In general, this change involves both a rotation of the po
ization vector, due to the magnetic induction in the sam
BW (rW), and a change of its length, i.e., a decrease of the de
of polarization, due to inhomogeneities in the magnetic
duction within the sampleDBW (rW)5BW (rW)2^BW &, whereBW (rW)
is local magnetic induction.

When no net rotation of polarization occurs (^BW &50), the
measured depolarization matrixD̂ is diagonal. The relation
between the elements ofD̂ and the micromagnetic state o
the isotropically disordered media can be given through
integral cross section of neutron scatteringsC within the
detector acceptance angleC by the expression10,11

Dxx5Dyy5exp@2~3/2!sCL#, Dzz5exp~2sCL !,
~5!

whereL is the sample thickness and the neutron velocityv is
parallel to thez axis ~Fig. 2!. The neutron magnetic scatte
ing cross sectionsC is determined by the correlation func
tion of the magnetization density along the neutron traj
tory. It can be written as10,11

I

-

6-3
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sC5
1

3 S 2mnB~T!

\v D 2

Rd ,

Rd5
1

2E2`

`

dẑ mW ~x,y,z!mW ~x,y,z8!&, ~6!

where mW (x,y,z) is an unit vector along the magnetizatio
and mn is the neutron moment. For convenience we int
duce the wavelength dependent constantc5(2mn /\v)2

52.1431029l2@m24T22# that will be used in the expres
sions. It is readily seen from Eq.~6! that the cross sectionsC

depends on the size as well as the shape of the mag
correlation^mW (x,y,z)mW (x,y,z8)&. As proved in Refs. 10,11
~see also Refs. 3,4!, in the case of critical fluctuations th
intrinsic induction is large at the center of the fluctuati
only and falls off drastically as 1/r towards the periphery
giving a small value of the parameterRd . Therefore, the
cross sectionsC should be small for any reasonable corr
lation radius of the critical fluctuations~up to 105 Å). A
small value of sC leads to absence of any measura
change of the polarization. Then Eq.~5! is simplified toDii

'1,(i 5x,y,z) and Eq.~4! to PW 8'PW 0. So a measurable de
polarization can be attributed exclusively to the appeara
of the magnetic clusters with relatively homogeneous dis
bution of the induction. This conclusion is important for th
ND study of the magnetic structure nearTC since the critical
fluctuations can be ignored in the interpretation of the N
data.

Consider the case when an external magnetic fieldHW is
applied along they axis, so that the sample is magnetiz
along the field̂ BW &iHW . Then the matrixD̂ can be written12–14

D̂5S D'cos~f! 0 D'sin~f!

0 D i 0

2D'sin~f! 0 D'cos~f!
D , ~7!

where

f5Ac^BW &L ~8!

is the rotation angle of the precession of the polarizat
vector in the mean magnetic induction^BW & over the sample
length L. The quantitiesD i and D' are dissipative coeffi-
cients of the parallel and perpendicular~to the field! compo-
nents of the polarization vector. In full analogy to Eq
~5!,~6!, they are related with the local variation of the ma
netic induction DB and its correlation lengthRd by the
expression12,13

D i ,'5expS 2
1

2
c^DB2Rd&L~12g i ,'! D , ~9!

whereg i ,' are related with the mean square cosines of
local magnetic induction and with the intrinsic anisotropy
the ND. The product̂DB2Rd& is an average over the samp
volume.
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The quantitiesD i ,' are calculated from the measured e
ements of the depolarization matrix@Eq. ~7!# by the follow-
ing combinations of its elements:

D i5Dyy D'5~Dxx•Dzz2Dxz•Dzx!
1/2. ~10!

According to Eq.~7! the rotation anglef is derived from
the matrixD̂:

f5tan21S Dxz2Dzx

Dxx1Dzz
D . ~11!

III. RESULTS

A. Three-dimensional depolarization measurement

The elements of the matrixD̂ were measured from fa
belowTC up to far aboveTC , consecutively, in various mag
netic fields Hy50.05,1.5,3,10 G. The raw depolarizatio
data are presented in Figs. 3,4. Figure 3 gives the temp
ture dependence of the elements of the depolarization ma
Dxx ,Dyy ,Dzz ~diagonal! and Dxz ,Dzx ~nondiagonal! at the
field H50.05 G. The nondiagonal elements shown are a
symmetrical:Dxz52Dzx @Fig. 3~b!#. In the case of applied
field for the diagonal and nondiagonal elements the data
presented in Figs. 4~a! and 4~b!, respectively. The elemen
Dyy of the matrix, characterizing the depolarization along t
applied field, decreases while the perpendicular eleme
Dxx ,Dzz show an oscillatory behavior with diminishing tem
perature. The nondiagonal elements are antisymmetr
(Dxz52Dzx) and are also oscillating with temperature. T
other elements of the depolarization matrix are zero wit
the experimental error both forH50.05 G and for H
510 G. Two factors contribute to the error of the measu
ment, the statistics of the measurement and uncontrolled
viation of the magnetic field direction from they axis which

FIG. 3. Temperature dependence of the diagonalDxx ,Dyy ,Dzz

~a! and nondiagonalDxz ,Dzx ~b! elements of the depolarizatio
matrix atH50.05 G.
6-4
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is evaluated of order of 2°23°. The former factor does no
exceed 0.5%, while the latter gives a main contribution
order of 3–5 %.

From Figs. 3,4 one can conclude the following. First, on
two nondiagonal elementsDxz andDzx are antisymmetrica
and oscillating as functions of temperature. This implies
existence of a mean induction in the sample along thy
direction, while the other directions are magnetically nond
tinguished. Therefore the experimental results can be tre
by Eqs.~7!–~11!.

From the raw data the valuesD i ,' andf were calculated
according to Eqs.~10!,~11!. The temperature dependence
the quantitiesD i andD' for both small~0.05 G! and large
~10 G! magnetic field are given in Figs. 5 and in 6, respe
tively. At T@TC the polarization of the transmitted beam
equal to the incident polarizationPW 0. As the temperature de
creases to the transition temperatureT0'405, depolarization

FIG. 4. Temperature dependence of the diagonalDxx ,Dyy ,Dzz

~a! and nondiagonalDxz ,Dzx ~b! elements of the depolarizatio
matrix atH510.0 G.

FIG. 5. Temperature dependence of the quantitiesD i andD' at
H50.05 G.
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appears. It increases over a wide temperature range of s
tens of degrees. According to Eq.~9! the neutron depolariza
tion is attributed to the appearance of magnetic inhomoge
ities with B'1022103 G and size about 1032105 Å. Tem-
perature hysteresis ofD i ,' is observed at the fieldH
50.05 G. The sequence of the measurements is show
the figures by the arrows. The hysteresis loop is suppres
at the field H510 G. Note also that the valueD'(H
510 G) is a few times lower thanD'(H50.05 G) in the
range@TC ,T0#, while the valueD i(H510 G) has a hardly
remarkable change. The explanation of this fact is presen
below.

The rotation anglef is given in Fig. 7 as a function o
temperature at different magnetic fieldsH50.05,1.5,
3.0,10 G as the alloy was cooled and heated. According
Eq. ~8!, it is proportional to the mean magnetic inductio
^B&. The rotation angle is corrected for the rotation caus
by the external magnetic field by subtracting the rotat
angle fmin , which is measured at temperatures where
sample is paramagnetic. Thus in the paramagnetic rangf
50 and it grows with decreasing temperature atH51.5, 3.0,
and 10 G. The magnitude off is maximal atH510 G
while at H50.05 G it is practically equal to zero in th
whole temperature range. From Eq.~8! a value of̂ B& can be
obtained. Thus atH510 G atT5393 K, f equals 15 rad,
L 5 0.11 cm and thuŝB&'930 G. As is seen from Fig. 7

FIG. 6. Temperature dependence of the quantitiesD i andD' at
H510 G.

FIG. 7. Temperature dependence of the rotation angle of
polarization vectorf at different magnetic fields: 0.05, 1.5, 3, 10 G
6-5
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the temperature hysteresis off is also observed atH51.5
and 3.0 G. It is suppressed by the magnetic fieldH510 G.
The temperature dependence of the rotation anglef is inter-
preted using the concept of a probability functionr(TC)
which describes the variations of the Curie temperatures o
the sample. This concept is extensively discussed in the
chapter.

The elements of depolarization matrix were also m
sured as function of the field in the rangeH5@29,9# G at
constant temperatureT5399 K. The magnetic field depen
dence of the rotation anglef of the polarization vector is
given in Fig. 8. The magnetic hysteresis in the mean m
netic induction is observed. The width of the hysteresis lo
~at ^B&50) is approximately equal to 1.5 G. Figure 9 giv
the quantitiesD i , D' as a function of the magnetic field a
T5399 K. The value ofD' decreases remarkably as th
field increases whileD i remains almost unchanged. The hy
teresis observed in the valuesD i ,' is related to reorganiza
tion of the magnetic structure when the magnetic fi
changes sign and is varied over the range of the small val
The value of the hysteresis in the depolarization of 10 %
zero field~Fig. 9! matches the value of the hysteresis loop
the temperature scan~Fig. 5!.

In our opinion, the strong change of the depolarizationD'

together with the weak change ofD i , as magnetic field is

FIG. 8. The magnetic field dependence of the rotation angle
the polarization vectorf at T5399 K.

FIG. 9. The magnetic field dependence of the quantitiesD i and
D' at T5399 K.
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applied, demonstrates the enhancement of the extra fa
Dext in depolarizationD' that is caused by variation of th
rotation angle over the beam cross section.12,13 Indeed, if
f (f) is a normalized distribution function of the rotatio
angle of polarization vector in the magnetic field over t
beam cross section, then the depolarization elements per
dicular to the applied fieldDxx ,Dxz ,Dzx ,Dzz and therefore
D' will be decreased by the factor

Dext5E
0

`

f ~f!cos~f2^f&!df. ~12!

If distribution functionf (f) is assumed to be Gaussian wi
squared standard deviationsf

2 , then substitution of Gaussia
instead of f (f) in Eq. ~12! yields Dext5exp(2sf

2/2). The
variation of f is possibly caused by a gradient of the tem
perature over the sample. An estimation shows that the
dient of the temperature over the sample of about 1 K res
in about 1 rad variations of the rotation angle over the be
cross section~Fig. 6! and therefore in the extra depolariz
tion of the perpendicular componentsD' of about 30%.

As can be observed in Fig. 8, by the applied field t
magnetic moment of these locally ordered regions tend
align. The magnetic induction̂B& grows rapidly withH and
reaches saturation at a magnetic field of 10 G. In comp
son, the depolarisationD i in Fig. 9 only shows a weak field
dependence. From this we conclude that the applied m
netic field is sufficiently strong to move out the doma
walls, but is weak in comparison with the anisotropy fie
So, when a magnetic field of 10 G is applied, all magne
inhomogeneities contribute to the mean magnetic induc
through the whole temperature range but the magnetic in
mogeneous structure is hardly effected in this field range

B. Small-angle neutron scattering measurement

The SANS experiment was performed on the multidet
tor small-angle polarized-neutron scattering setup ‘‘Vecto
at WWR-M reactor in St.Petersburg Nuclear Phys
Institute.15 The temperature dependence of SANS intens
in the momentum transfer range 331023<q<3
31022 Å21 was measured through the transition with
step of 1 K. Figure 10 displays the scattering intensityI (T)

f FIG. 10. The small angle scattering intensity versus tempera
for different momentum transfersq.
6-6
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MAGNETIC PHASE TRANSITION IN DISORDERED Fe- . . . PHYSICAL REVIEW B64 094426
for different values of momentum transferq in the tempera-
ture interval 380–450 K. The SANS intensityI (T) does not
change in the paramagnetic temperature range. With dec
ing temperature, the intensityI (T) increases, demonstratin
the appearance of critical fluctuations in the sample. T
intensity reaches its saturation atT'385 K.

The SANS intensity as a function of the momentum tra
fer q is well described by Lorentzian

I ~q!5A~q21k2!21, ~13!

where theA and k are the scattering amplitude and the i
verse correlation length, respectively. This demonstrates
we deal with conventional critical fluctuations. The para
etersA andk2 were obtained from a least squares fits of E
~13! to the data.

The temperature dependence of the square of inverse
relation radiusk2(T)5Rc

22 is presented in Fig. 11. We se
that k2 decreases as temperature decreases until a ce
temperatureTf and then remains almost constant forT
,Tf . From Figs. 10 and 11 is seen that the critical ran
spreads over a wide temperature band fromT0'410 K,
where critical scattering starts to increase, toTf'386 K,
where it is saturated. The magnetic system is paramagne
T.T0 and it has a hard domain structure atT,Tf (Tf is
referred to ferromagnet!. We set the temperatureTf , where
the inverse correlation lengthk becomes constant, as th
transition temperature of the alloy. The temperature dep
dence of k2 is described satisfactory by the power la
k2(t)5k1

21k0
2
•t2n with @t5(T2Tf)/Tf #, k1

25(Rc
max)22,

k0
25(Rc

min)22, n'2/3 typical for ferromagnets. The line i
Fig. 10 represents this expression withRc

max5200620 Å,
Rc

min5662 Å, andTf538661 K.
The parameterk0, being a coefficient in the power law

relation Rc'k0
21t2n, is effectively the inverse correlatio

radius att;1. The valuek0
2156 Å indicates the presenc

of spin fluctuations of this scale in the far paramagnetic
gion. The spin correlations of this size~about 6–8 Å! in the
invar FeNi alloys well aboveTC were reported in a numbe
of papers.16–18 This gives an additional confidence to th
fitting procedure performed with the power law relation
Rc(t). The presence of these spin fluctuations well aboveTC
is explained by a sensitive dependence of the magnetic

FIG. 11. The temperature dependence of square of inverse
relation radiusRc

22(T). The calculated dependence with the para
eters obtained from the fits is plotted by solid line.
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ment on the atomic volume or, by a moment-volume ins
bility resulting also in Invar effect.

Another peculiarity is the fact that the inverse correlati
length k does not appear to go to zero. This behavior
commonly observed in disordered systems19,20 and in these
cases is treated to originate from the spread on the trans
temperature. With use of the power law relation one c
estimate thet range which Rc(t) is averaged atRc

max

;k0
21t1

2n . This estimation gives the value oft1 about
0.005, but with the low accuracy of about 30%. Finally it
clear that the correlation length of the critical fluctuations
not assumed to be unique and is averaged over theTC varia-
tions.

IV. DISCUSSION

In order to interpret the above data we summarize
conclusions which follow from the SANS and depolarizati
experiments. The complementary analysis shows a coe
ence of two types of the correlations in the system in
temperature rangeT0.T.Tf . First, there are the usual criti
cal fluctuations aboveTf which cannot produce strong neu
tron depolarization~see Sec. II!. Their correlation lengthRc
5k21 was obtained from SANS data and it is about 10
200 Å over the whole range. Secondly, the large depolar
tion aboveTf is attributed to the existence of large magne
inhomogeneities in the system. The size and/or the num
of these inhomogeneities rises as temperature decreases
presence of these inhomogeneities determines the prope
of the magnetic system in the temperature rangeTf,T
,T0 which is considered as a critical range. Hence, the m
netic state of the sample in this critical temperature ran
looks similar to ferromagnetic drops in a paramagnetic m
trix with critical fluctuations both in the ferromagnetic an
paramagnetic regions. These locally ordered magnetic
gions grow in the paramagnetic phase and form a large
colative cluster. The correlation length of the ferromagne
cluster exceeds the correlation length of the critical fluct
tionsRc at least by a factor of 10. In this case the dominati
lengthscale is not the correlation length of thermal fluctu
tions but the characteristic length of the ordered regio
Therefore this transition goes in accordance with the ‘‘p
colative’’ scenario. With lowering temperature this system
the ferromagnetic regions is smoothly transformed into
domain structure caused by the dipole interaction. Thus
this study we follow changes of the characteristic size of
magnetic inhomogeneities formed atT;TC and turning into
the domain size atT!TC . The directions of magnetization
of these inhomogeneities are random, so that the ave
magnetization is equal to zero both above^TC& and below it.
However, the magnetic moments of these locally ordered
gions may be aligned by the magnetic field. Then a me
magnetic induction~about 1022103 G) appears as a re
sponse to the external magnetic field~about 1210 G). The
mean magnetic induction is composed of the magnetic m
ments of the locally ordered regions over the whole sam
volume.

The data of the depolarization, the rotation anglef and
SANS give an evidence of the smeared phase transition:

or-
-
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Curie temperature fluctuates over the sample around the
erage^TC&. In Ref. 9 two main reasons of variations of th
Curie temperature and smearing the transition are poin
out. One of them is an enhancement of some compon
concentrations over the sample volume when the phase
gram is complex due to a competition of exchange inter
tions. Another one is the inhomogeneous mechanical de
mation leading to local distortions of the lattice in the case
the strong magnetostriction. It is experimentally shown9 that
both factors are equally presented in Invar FeNi allo
Rough estimations demonstrate that large scale variation
the component concentrationsDc of about 0.1% result in
fluctuations of the Curie temperature in the alloy^DTC

2 &1/2

;123 K. It can be estimated that volume variationsDV
;0.1% lead tô DTC

2 &1/2;10230 K. There are no experi
mental proofs that the latter reason ofTC variations is the
dominant one, however, it is beyond doubt that it cannot
neglected. The latter reason is essentially important for
Invar FeNi alloy doped with carbon which tends to for
clusters and then creates regions of different volume den

A. Temperature dependence of the mean magnetization

We assume above that there are localTC variations and
magnetically ordered regions appear above^TC&. We sup-
pose also that the magnetic induction in the locally orde
region is described by the scaling expression

B~t!5B0utub, ~14!

where t5(T2TC)/TC is the local reduced temperature,b
'0.37 is the critical index of magnetization of the pure fe
romagnet. As a result the mean magnetic induction of
sample can be expressed by the convolutionB(T,TC) @Eq.
~14!# andr(TC) @Eq. ~2!#:

^B~T!&5B0E
T

`

r~TC8 !UT2TC8

TC8
Ub

dTC8 , ~15!

whereB0 is a fitting parameter which takes into account t
demagnetization from magnetic interaction between orde
regions. Upon substituting this expression into the expr
sion ~8! f5Ac^B&L relating the rotation angle of polariza
tion vectorf and the mean magnetic induction^B&, we ob-
tain

f5AcB0E
T

`

r~TC8 !UT2TC8

TC8
Ub

LdTC8 . ~16!

Substituting forr(TC) the Gaussian@Eq. ~2!# in Eq. ~16!, the
best fit procedure for the experimental data was carried
As a result, the three parametersB0 , DTC and ^TC& were
found.

Figure 12 shows the experimentally measured points
the rotation angle~closed squares! and the theoretical curve
calculated from Eq.~16! ~solid line! with the Gaussian@Eq.
~2!# as the probability functionr(TC) in the magnetic field
of 10 G. The parameters of the fit at different magnetic fie
and temperature regimes~cooling and heating! are given in
Table I. The fitted curves are plotted in Fig. 7 as solid lin
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It is seen from Table I that for different conditions of expe
ments~cooling-heating, magnetic field! we find ^TC&5397
61, independent of the applied field, whileDTC grows
slightly with applied magnetic field. This may be connect
with the alignment of the domain inside inhomogeneit
into the field direction. Since atH510 G more inhomoge-
neities contribute to the mean magnetic induction,DTC
54.55 K obtained at this field may be considered as
most correct value. Furthermore, an increase of the param
netic magnetization in the critical region with applied field
neglected. Note that according to Refs. 5–7, the percola
temperature is approximately equal toTp'^TC&1DTC
5401.5 K.

A large difference exists betweenTf5386 K obtained
from SANS and̂ T&5397 K from the fit above. The differ-
ence between the sensors in the SANS and ND setups
not exceed 2–3 K, so this does not explain the obser
discrepancy. The discrepancy is explained as follows. T
temperatureTf obtained by SANS is actually defined as
boundary between the ferromagnetic state with a ‘‘hard’’ d

FIG. 12. Temperature dependence of the rotation angle of
polarization vectorf (H510 G) @squares: experimental points
solid line: theoretical calculation Eq.~16!# and the probability func-
tion r(T) described by a Gauss law with fitting parameters^TC&
5397.2 K andDTC54.55 K.

TABLE I. The LSM fitting parameters of the probability func
tion r(TC) from the rotation angle data.

Magnetic and B0 ~G! ^TC& ~K! DTC ~K!

temperature
conditions

H510 G, 462065 397.260.1 4.5560.05
cooling

H53 G, 312065 397.060.1 3.4760.05
cooling

H53 G, 315065 397.860.1 3.3560.05
heating

H51.5 G, 194065 397.160.1 3.0060.05
cooling

H51.5 G, 190065 397.960.1 2.9060.05
heating
6-8
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MAGNETIC PHASE TRANSITION IN DISORDERED Fe- . . . PHYSICAL REVIEW B64 094426
main structure and the critical region where critical fluctu
tions and large ferromagnetic inhomogeneities coexist. F
ther the center^TC& of the probability functionr(TC)
obtained from ND shows the middle point of the critic
region. Thus, the temperaturesTf and ^TC& characterize the
low boundary and the center of the magnetic phase trans
in such a disordered system, respectively. This confirms
the critical fluctuations play a secondary role of at this tra
sition. First, their average lengthRc is much less than the
size of the magnetic inhomogeneities. Second, the magn
inhomogeneities appear some degrees aboveTf , whereRc
becomes maximal and saturated. Finally we can concl
that the critical fluctuations are suppressed by the appear
of large scale magnetic inhomogeneities. In spite of this s
pression, the transition in the local regions is supplied by
energy of the critical fluctuations. Therefore the mechan
of the transition in these separated regions is one of the
ond order.

B. Temperature dependence of the neutron depolarization

As we see the valueD' includes the extra factorDext @Eq.
~12!# under the condition of the nonzero applied field. The
fore using Eq.~9! we cannot obtain the true temperatu
dependence ofg i . D' cannot be also considered in a wa
anologous to the analysis of temperature dependence o
rotation anglef(T). On the other hand, the valueD i can be
analyzed in the same manner. Fortunately, two circumsta
allow us to ignore the temperature dependence ofg i in
Eq.~9!. First, the polarizationD i changes little when the
magnetic field is applied. From this follows thatg i does not
change significantly also and the magnetic system is clos
disorder. This means that the applied magnetic field mo
out the domain walls but the magnetic structure caused
TC variations remains inhomogeneous. Second, as i
shown in Refs. 12,13,g i may change in the range from 0.2
~full disorder! to 0.75 ~full alignment!. As compared with a
total change of the value lnDi which is from 0.01 up to 10
near the phase transition, a change ofg i in the same range
can be roughly neglected. We set below the value of^g i&
51/2.

In analogy to Eq.~16!, the temperature dependence of t
neutron depolaization2 ln Di for magnetic fieldH510 G
~see Fig. 13! was fitted with the convolution of the produc
@DB(T,TC)#2Rd(T,TC) andr(TC):

2 ln D i5
1

4
cLE

T

`

r~TC8 !B0
2UT2TC8

TC8
U2b

Rd~T,TC8 !dTC8 .

~17!

To fit the data in Fig. 13, we take again a power-law desc
tion with Gaussian distribution of transition temperatu
r(TC). It is supposed that the local magnetic induction in t
magnetic inhomogeneities atT,TC is described by the scal
ing law Eq. ~14! wheret is the local reduced temperatur
The critical indexb is doubled because of the square of t
local magnetic induction in Eq.~9!. We assume that the siz
of the inhomogeneities grows with decreasing local redu
temperature also according to a power law
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Rd~T,TC!5Rd~0!S TC2T

TC
D D

. ~18!

The assumption Eq.~18! comes in contradiction with the
percolative concept proposed in Refs. 5–7. According
Refs. 5–7, the temperature of the transition is determined
thatT, where an infinite percolative cluster appears. Thus
magnetic correlation lengthRd must be infinitely large atT
5^TC&1DTC , while Eq.~18! supposes a continuous grow
of Rd through the whole critical range. However, the neutr
depolarization technique provides information on the av
age size of inhomogeneities which doesn’t change even w
applying the magnetic field. So the correct value of the p
colative length remains unachivable with this method. Th
by assuming Eq.~18! we account for the specific feature o
the ND technique and suppose a continuous growth of
cluster appearing at the local temperatureTC8 .

Thus, we fixed^TC& and DTC in r(TC) at the values
obtained from the fit of the rotation anglef for H510 G.
Thereby we obtained satisfactory fits for the two parame
which are still unknown:B0

2Rd(0) andD. From the best fit
procedure we findD50.6560.05 and B0

2Rd(0)5(4.11
60.01)3104 G2 cm. From the parameterB0

2Rd(0) one can
roughly estimate the valueRd(0) substitutingB0 taken from
the Table I atH510 G: B054620 G. Then we calculate
easily the valueRd(0)523105 Å that is close to the do-
main size far below the transition temperature. The value
Rd at the room temperature equals 83104 Å which coin-
cides with the domain size in the invar alloys given by t
multiple SANS.21 From Eq.~18! the correlation length of the
disorder is estimated through the size of the magnetic in
mogeneities at the critical rangeR0;Rd(0)t1

D'104 Å.
In spite of the discrepancy between the supposition

~18! and the percolative concept in Refs. 5–7, we agree w
the statement that the ratio of the depth of theTC variations
(DTC /^TC&) and its characteristic correlation leng
R0 /a (a is the lattice constant! determines the scenario o
the transition: ‘‘percolative’’ or ‘‘homogeneous.’’ For the
case of FeNi alloy under study the criteriumR0 /a
@(DTC /^TC&)22/3 is well fulfilled and, therefore, the perco
lative scenario is realized.

FIG. 13. Temperature dependence of the depolarization2 lnDi
at fieldH510 G. The solid line is a curve calculated from Eq.~17!
with the Gaussian@Eq. ~2!# centered at̂ TC&5397 K with the
spreadDTC54.55 K.
6-9
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It is worth to notice that the idea of the convolution of th
power-law description with Gaussian distribution of tran
tion temperature becomes commonly used to treat the exp
mental data in disordered systems.22–24 In our work we em-
phasize that the idea ofTC distribution is closely related to
enhancement of the large scale inhomogeneities aboveTC
and therefore with the percolative scenario of the transiti

V. SUMMARY

The magnetic phase transition in a disordered sys
Fe70Ni30 was investigated. The experimental data of the n
tron depolarization and SANS show a smeared phase tra
tion. To interpret the data we apply the model where
Curie temperature is fluctuating around the average va
^TC&. In this model the localTC variations are described b
the disorder parameters of the system:^TC&, a spread ofTC
variationsDTC , and the characteristic size of the local are
R0, whereTC variations occur@Eq. ~1!#. The parameters o
the transition obtained from the data arêTC&5397
60.5 K, DTC54.55 K, andR0;104 Å. This means, ac-
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cording to the criterion proposed in Refs. 5–7 that the cr
rion R0 /a@(DTC /^TC&)22/3 is fulfilled in our disordered
system, so the transition goes in accordance with the ‘‘p
colative’’ scenario. In this case the percolation means that
locally ordered magnetic regions grow in the paramagn
phase and form a large percolative cluster. It was also fo
that the magnetic cluster sizeRd grows with the local re-
duced temperaturet as Rd;tD with D50.6560.05. The
reasons of theTC variations which result in smearing of th
transition are still not clear. Nevertheless, the enhancem
of the TC-variations is proved by the ND experiments alo
with SANS and the parameters of the phase transition
found from the data.
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