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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 Ré;, doped by carboit0.7% at) is investigated
using the three-dimensional analysis of the neutron depolariz@ié) 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 clos&g torhe usual critical fluctuations of a Lorentzian shape with size
R.<200 A are found by the analysis of SANS intensity)). The ND analysis shows also presence of the
large scale correlation@bout 18— 10* A) with the “squared” Lorentzian shape. We attribute these large
scale correlations to local variations of the Curie temperalgreThe localT variations are described by the
disorder parameters of the systeffi), a spread ofl - variationsAT., and characteristic size of the local
areasR,, where T variations occur. The ratio between the depth of Thevariations AT /(T¢)) and its
characteristic correlation lengfR,/a (a is a lattice constaitdetermines a scenario of the transition: “per-
colative” or “homogeneous” ones. ARy /a> (AT /(Tc)) ~2Bocally 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, wéTigun897
+0.5 K andAT:=4.55+-0.05 K. From ND data we estimated the temperature independent characteristic
size R, of the T variations. It is equal to 10 A.
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I. INTRODUCTION transition. This change of type of the transition should be
strongly enhanced in the Invar by the combination of strong

The problem of a coexistence of two length scales for thespin lattice interaction and disorder. On the other hand, it is
fluctuations of the order parameter above the phase transitiomell known that point defects do not change the type of the
temperatureT- has been extensively discussed for twelvetransition. Meanwhile large scale disorder leads to spatial
years, ever since Andrews reported a line shape consisting @fictuations of the transition temperature as was pointed out
two components in the critical x-ray scattering associatedy Ginzburg® These localT. variations are described by
with the structural phase transition in SrEi© The large average Curie temperatu¢@.), a spread offc, AT, and
scale fluctuations, present along with the critical fluctuationsa characteristic sizR, of the areas with different.
of an ordinary lengthscale, are attributed to some kind of Since at the Curie temperature long-range order appears,
disorder in the system and could be connected with quencht is, by definition, a macroscopic characteristic of the mate-
ing of the long-range disordér. rial. Then areas of the scal®,, mentioned above and attrib-

Similarly, we established the coexistence of two differentuted to the locall, have to be essentially mesoscopic ob-
spatial scale lengths in the magnetic correlations in invajects. To be such, the sif, should be much greater than the
FeNi alloys abovelc by means of a neutron depolarization size R, of the critical fluctuations. Here the concept of the
(ND) and small-angle neutron scattering SANS) critical fluctuations with their correlation lengtR, stems
measurementd? It was shown in Refs. 3,4 using SANS that from the scaling theory of the critical phenomena. Indeed,
the smaller scale length is attributed to the critical fluctuathe scaling theory of the second order phase transition im-
tions and their shape is well described by a Lorentzian irplies the only scale length which determines the properties of
momentum transferred space. Using neutron depolarizatiothe material near the phase transition. This is the correlation
(ND) much larger magnetic inhomogeneities were foundength of the critical fluctuations of the order parame®er
above T. Their shape could be roughly modeled by a=ar" ", wherer=(T—T¢)/Tc is the reduced temperature
“squared Lorentzian” expression. Later on, ordinary ND wasand v=2/3 is a critical index in pure materials.
replaced by three-dimensional analysis of the ND in order to  Starting from this basic suppositioR¢>R,) Ginzburg
study how these large magnetic inhomogeneities igaap-  suggested that some number of magnetic clusters appears
pear. above(Tc) as a result ofl ;. variations. As there is no con-

In the present paper we continue the investigation of thenection between them, there are randomly oriented magne-
ferromagnetic phase transition in a disordered FeNi alloy. Inized regions, so the mean magnetization equals zero. As the
homogeneous ferromagnets the phase transition is of secoteimperature decreases, the connection between the magnetic
order. However, spin lattice interaction leads to a first orderclusters enhances. Hence a nonzero value of the mean mag-
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point defects and we get the “homogeneous” scenario. In
opposite case,<r;, Ry>ar; 23, the thermal fluctuations
do not destroy the locally ordered regions and that is a basis
of a percolative transitior(Fig. 1). (For more details see
Refs. 5—7. The critical fluctuations do not play a big role in
this scenario. They are averaged oVerspread, so that their
average correlation lengiR.) is of order ofar; ” through
the whole range of the critical temperatures.

Note, however, that the effect of the dipole interaction in
the ferromagnets is ignored in the percolative scenario pro-
FIG. 1. The local critical temperatufi(r) is randomly distrib-  POSed in Refs. 5-7. The dipole interaction blocks actually

uted around Tc) over the sample in a “percolative” scenario when the percolation. As soon as it happens, a domain structure is
Ro>R.. formed in the sample. Thus the correlation length of the in-

homogeneities does not become infinite at some temperature.
netization appears at temperattfg. This temperaturd’, ~ The applied magnetic field moves out the domain walls and
corresponds to theyeometrig percolation threshold, i.e., the let the magnetization “percolate” along the field direction.
number and size of the ferromagnetic clusters become bigccording to Refs. 5-7, the percolation temperature is con-
enough to join all regions with nonzero local magnetization sidered to beT,=(T.)(1+7;). However, the magnetic
This temperaturd@, can be considered as the true Curie tem-Structure caused by variations still remains inhomoge-
perature. This is the percolative scenario of the phase transieous. We suggest the continuous growth of the size of the
tion in the disordered system. This concept received recentlithomogeneities with lowering temperature and discuss our
extensive development in the work of Korzhenevsikial®’  suggestion belowSec. IV).
where an explanation of the two scale length phenomenon Due to the linear dependence betwees(r) and A7(r)
was also giver(see Refs. 1-4, and references thereline  and from the assumption of a Gaussian distributionAef
authors discuss the phase transition in an Ising model withvith temperature, one can derive the distribution function of
large scale disorder. Following the terminology of Refs. 5-7,T¢ variationsp(T¢) with center(T¢(r)) and spreadATc
we assume that due to compositional disorder in the sample 71(T¢). For a pure ferromagnet it looks similar to &
we have a local critical temperatufe(r) which varies ran-  function of temperature(Tc)=6(T—Tc). In case of a dis-
domly as a function of position within the samyifig. 1). In  ordered system let us consider it to be described by the
analogy to scaling theory we introduce the local reducedsauss law
temperature expressed as(r)=[T—Tc(r)]/{Tc)=(7)
+A7(r), where(7)=[T—(Tc(r))]/(Tc) is the average re- p( (Tc—(Tc>)2)
duced temperature andr(r) is the value of a random varia- p(To)=——=exp ————|. 2
tion of 7(r). The variableA 7(r) is assumed to be Gaussian V2m(ATo)? 2ATE
with average 0 and a full width at half maximum (FWHM)

= r,. Its spatial dependence is characterized by a correlatiol! the interpretation of our experimental data we show that
function G(r/R,) defined by for invar FeNi alloy the case, when, <74, is realized and

then the ferromagnetic phase transition goes in accordance
(AT(0)AT(r))={(7(0)7(r)—(7(r))?)=72G(r/Ry), (1)  with the “percolative” scenario. Our experimental findings
. demonstrating coexistence of two scale lengths of the mag-
whereG(r/Ro) has for limits:G(0)—1 andG(«)—0. netic correlatiofr* are well described by the theoretical con-
Thus, the disorder is charac_tenzed by two parametezrs:t €ept proposed in Refs. 5-7. Continuing the study of the
depth of the T variations expressed as7i  swo scale” problem, we use the three-dimensior8D)
=((AT)®/(Tc)? and the large, but finite correlation neutron depolarization analysis as an appropriate method.
lengthscaleR, of the disorder. In the scaling theory the main The magnetization and depolarization of the neutron beam
properties of the system are described by value of the reyas measured as a function of temperature at different mag-
duced temperature. The correlation length of the critical netic fields. We fitted the temperature dependence of the
fluctuationsR; is also function ofr. In order to get the uni- magnetization by the convolution of the distribution function
fied formalism, the disorder paramet@s may also be de- ,(T.) and the scaling law for the magnetization in a pure
fined using reduced temperature scale vig=(a/Ro)*>  system. The parameters of the distribution functi¢)
wherea is a lattice constarit’ The parameter, corresponds  gnd ATc, were obtained. The analogous procedure being
to the point on the temperature scale, where the thermal cotarried out with ND data results in finding the scale param-
relation length reaches the vall(7;)=ar, "=Ro, with  eter of the disordeR, in Eq. (1). The temperature depen-
v=2/3. Therefore, the value of ratio, and 7, defines the dence of the characteristic size of the magnetic inhomogene-
scenario of the transition. When> 74, i.e., Ro<arl’2’3, at  ities was also derived from the data. The result presented in
the temperature point;, where the disorder starts to play an this paper is an extension of the previous wotkdn the
essential role, the thermal correlation length=ar ?®  previous works the size of the magnetic inhomogeneities
turns to be much larger than the disorder correlation lengtmearT. was estimated of order 6 10° A. In the present
Ry. Therefore the disorder is insufficient as in the case obtudy it is transformed to the characteristic Sgof the T
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MD (T1) the polarization of the beam can be successively ro-
[ ] tated towards one of the laboratory axé$=x,y,z). After
the transmission through the sample holder containing the
H sample, positioned in the sample box @f metal (S the

y tionsi(i=x,y,z), using a second polarization rotatof2)
and an analyzerX). By Bragg reflection at a monochro-
] ™ s .- A MC mator crystal (MC), neutrons with wavelength = (0.32
+0.02) nm are reflected into the neutron dete¢idb). A
FIG. 2. Scheme of the neutron depolarization setup SP at IRMagnetic field is applied to the sample in the y direction. Itis
Delft: P polarizer,T1, T2 polarization rotatorsS sample position, created by a coil wound on the sample. In order to minimize
A analyzer, MC monochromator crystals, MD detectors for mono-the sample demagnetization field, the sample together with
chromatic beams. the coil is positioned in a magnetic yoke which short-circuits
any flux emerging from it. In turn the yoke is mounted in a
variations which is equal to f0A. Therefore the results furnace whose temperature could be regulated to better than
obtained earlier and those presented here are qualitatively ttfel K between 300 and S00 K.~
same. The essential difference is that at present we have The relation between the polarization of the neutron beam
applied the concept explaining appearance of the large scaféj and the intensityl;; measured in the detect¢MD) is
magnetic inhomogeneities abole. and have obtained the 9iven by
quantities(T¢), ATc, and Ry describing this magnetic
phase transition in the disordered system. Pij= &ij = (1ij N shim), ©)

_ The paper is organized in the following way. Section Il yhere |, is the intensity of the fully depolarized beam.
gives experimental details concerning the sample studied, thene first and second subscripts denote the projections of the
setup and the formula describing a ND experiment. The repitia| and transmitted polarization on thej axes, respec-
sults of the measurement are given in Sec. ll. To interprefiyely. All measured elements are normalized to correct for
our data, we use the theoretical concept of Teevariations  the depolarization caused by the setup. This normalization

descri_bed above. Section IV _presents_the interpretation of thf%lctorPo is determined from the measurement of the length
experimental results according to this model and the finahs e polarization vector well abovd ).

conclusion.

X
_______ z @ j polarization can be successively analyzed along the direc-

C. Neutron depolarization: theory
Il. EXPERIMENTAL

The polarizatioris’ of the beam after transmission is re-
lated to the initial polarizatio#® by the 3x 3 depolarization
The alloy FegNiso doped by 0.7% at. carbon, having fully \otrix D
fcc structure, was chosen for the study. A plate with dimen-
sions 3k 10x 1.1 mn? was used as a sample. The addition
of carbon is necessary to get fcc structure throughout sample
at room temperature. The identification of fcc structure wagn general, this change involves both a rotation of the polar-
carried out by means of neutron diffraction on the Mini- ization vector, due to the magnetic induction in the sample
SFINKS high-resolution Fourier time of fligiTOF) powder g7y and a change of its length, i.e., a decrease of the degree
diffractometer at _the WWR'M reactor, Gatchihit is well of polarization, due to inhomogeneities in the magnetic in-
known also that introduction of a small amount 1%) of duction within the sam I@é(?)zé(?)—(é) whereB(F)
carbon in the FeNi alloy results in a growth of its Curie . L P ’
temperature due to an increase of the internal pressure afd local magnetic |nd}Jct|on. o -
due to the strong magnetovolume couplihgThe When no net rotation of polairlzatlon occukB)=0), the
paramagnetic-ferromagnetic phase transition is smeared outeasured depolarization matrix is diagonal. The relation

between 390-400 K. The transition point determined bypetween the elements & and the micromagnetic state of
SANS measurements is equalfip=386+1 K (the indexf  the isotropically disordered media can be given through the

is referred to ferromagngtlt is the temperature which the integral cross section of neutron scattering within the
correlation radius of critical fluctuations becomes maximaldetector acceptance angle by the expressioft*

and saturated at.

A. Sample

P'=D-P°, (4)

Dxx= Dyy:exq_(?’/z)o'\lfl—]v Dz =exp(—oyl),
B. Neutron depolarization: experimental )

The neutron depolarization measurements described iwhereL is the sample thickness and the neutron velogity
this paper were carried out using the mirror setup SP at IRIparallel to thez axis (Fig. 2). The neutron magnetic scatter-
Delft. Figure 2 gives its schematic outline. A polychromatic ing cross sectionry, is determined by the correlation func-
neutron beam emerging foa 2 MW swimming-pool type tion of the magnetization density along the neutron trajec-
reactor is polarized by a mirror polarizeP). Using rotator  tory. It can be written d§'1*
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1
O'q/:§

2uaB(T)\?
hv d

1 (= N >
Rd:EJ_de<m(X’Y:Z)m(Xuyaz,)>’ ®

wherem(x,y,z) is an unit vector along the magnetization
and u,, is the neutron moment. For convenience we intro-
duce the wavelength dependent constart(2u,/%v)?
=2.14< 10°°A?[m *T 2] that will be used in the expres-
sions. It is readily seen from E¢f) that the cross sectiany,
depends on the size as well as the shape of the magnetic
correlation(ﬁ](x,y,z)rﬁ(x,y,z’)). As proved in Refs. 10,11
(see also Refs. 3)4in the case of critical fluctuations the
intrinsic induction is large at the center of the fluctuation

370 380 390 400 410 420

only and falls off drastically as fil/towards the periphery b |

giving a small value of the paramet&;. Therefore, the 370 380 390 400 410 420

cross sectionry should be small for any reasonable corre- T(K)

lation radius of the critical fluctuationfup to 16 A). A FIG. 3. Temperature dependence of the diagg!.D,, D,

small value ofoy leads to absence of any measurabley) and nondiagonaD,,,D,, (b) elements of the depolarization
change of the polarization. Then E&) is simplified toD;; matrix atH=0.05 G.

~1,(i=x,y,z) and Eq.(4) to P’~P°. So a measurable de-

polarization can be attributed exclusively to the appearance The quantitiesD|, are calculated from the measured el-
of the magnetic clusters with relatively homogeneous distriements of the depolarization matfi€q. (7)] by the follow-
bution of the induction. This conclusion is important for the ing combinations of its elements:

ND study of the magnetic structure néls since the critical

fluctuations can be ignored in the interpretation of the ND Dj=Dy, D, =(DyxD,,~Dy, D, (10
data.

Consider the case when an external magnetic el According to Eq.(7) the rotation anglep is derived from

applied along they axis, so that the sample is magnetized the matrixD:
along the field B)||H. Then the matriXd can be writtef? 24 5 D
_q| Yxz zXx
¢=tan D¥D.. ) (11)
D,cos¢) 0O D, sin(¢) xxT Pz
0" ° 0 ° ’ (0 lll. RESULTS

—D;sin(¢) 0 D, cog¢)

A. Three-dimensional depolarization measurement

where The elements of the matri® were measured from far

- below T up to far aboveél -, consecutively, in various mag-
¢=c(B)L ®)  netic fields H,=0.05,1.5,3,10 G. The raw depolarization
: . . ... _data are presented in Figs. 3,4. Figure 3 gives the tempera-
Is the rotation angle of the precession of the polarizationy - jenendence of the elements of the depolarization matrix
vector in the mean magnetic inductioB) over the sampl_e D,x,Dyy,D,, (diagona) and D,,,D,, (nondiagonal at the
length L. The quantitiesD| and D, are dissipative coeffi- fie|d H=0.05 G. The nondiagonal elements shown are anti-
cients of the paralle] and perpendiculéw the field compo- symmetrical:D,,= — D, [Fig. 3(b)]. In the case of applied
nents of the polarization vector. In full analogy to Egs.fie|d for the diagonal and nondiagonal elements the data are
(5),(6), they are related with the local variation of the mag-presented in Figs.(4) and 4b), respectively. The element
netic |n(_juct£nAB and its correlation lengttRy by the  p  of the matrix, characterizing the depolarization along the
expressioft” applied field, decreases while the perpendicular elements
1 D,y,D,, show an oscillatory behavior with diminishing tem-
B 2 perature. The nondiagonal elements are antisymmetrical
Di.. —ex;{ - §C<AB RoL(1=7.0) ), ©) (Dy,=—D,,) and are also oscillating with temperature. The
other elements of the depolarization matrix are zero within
where y| , are related with the mean square cosines of thehe experimental error both foH=0.05 G and forH
local magnetic induction and with the intrinsic anisotropy of =10 G. Two factors contribute to the error of the measure-
the ND. The productAB2R,) is an average over the sample ment, the statistics of the measurement and uncontrolled de-
volume. viation of the magnetic field direction from theaxis which
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FIG. 6. Temperature dependence of the quantiligandD, at
H=10 G.

appears. It increases over a wide temperature range of some
30 330 %0 40 40 40 tens'of degrees. According to E®) the neutron. depolarlza—
T (K) tion is attributed to the appearance of magnetic inhomogene-
ities withB~10°—10° G and size about £6-10° A. Tem-

FIG. 4. Temperature dependence of the diag@hgl,D,,,D,, ~ Perature hysteresis ob;, is observed at the field
(a) and nondiagonaD,,,D,, (b) elements of the depolarization =0.05 G. The sequence of the measurements is shown in
matrix atH=10.0 G. the figures by the arrows. The hysteresis loop is suppressed
at the field H=10 G. Note also that the valu®, (H

is evaluated of order of 2°3°. The former factor does not =10 G) is a few _t|mes lower thaB, (H=0.05 G) in the
exceed 0.5%, while the latter gives a main contribution of@19€lTc,Tol, while the valueD|(H=10 G) has a hardly
order of 3—5 %. remarkable change. The explanation of this fact is presented
From Figs. 3,4 one can conclude the following. First, onlybelow' . L - .
two nondiagonal elemen,, andD,, are antisymmetrical The rotation anglep is given in Fig. 7 as a function of
and oscillating as functions of temperature. This implies thdemperature at different magnetic fieldsi =0.05,1.5,
existence of a mean induction in the sample alongythe 3:0,10 G as the alloy was cooled and heated. According to
direction, while the other directions are magnetically nondis-E9- (8), it is proportional to the mean magnetic induction
tinguished. Therefore the experimental results can be treatdd)- The rotation angle is corrected for the rotation caused
by Egs.(7)—(11). by the externall megnetlc field by subtracting the rotation
From the raw data the valu@ , and ¢ were calculated angle ¢“?i”' which is measured. at temperatures vyhere the
according to Eqgs(10),(11). The temperature dependence of Sample is paramagnetic. Thus in the paramagnetic rahge
the quantitiesD; andD, for both small(0.05 G and large =0 and it grows with decreasmg tempe'ratureiat 1.5, 3.0,
(10 G) magnetic field are given in Figs. 5 and in 6, respec-2nd 10 G. The magnitude ob is maximal atH=10 G

tively. At T> T the polarization of the transmitted beam is WE“? ?t H:O-?5 Gitis IF;raCtiCE?a")y eqlfal t(;< é‘;ro inbthe
L = _ whole temperature range. From avalue o can be
equal to the incident polarizatioRy. As the temperature de obtained. Thus atl=10 G atT=393 K, ¢ equals 15 rad,

creases to the transition temperatlige= 405, depolarization L = 0.11 cm and thugB)~930 G. As is seen from Fig. 7

104 40 :
X + H=005G
[ = H=15G
30 o H=30G
H=100G
a ; = 201 :
1074 5]
R 104 = B
0
10 . : ;
380 390 400 410
TX)
FIG. 5. Temperature dependence of the quantiligandD, at FIG. 7. Temperature dependence of the rotation angle of the
H=0.05 G. polarization vectogp at different magnetic fields: 0.05, 1.5, 3, 10 G.

094426-5



S. V. GRIGORIEVet al.

61— T . . T
T=39K
4 nnEEEEgEEngE 1
2
= d
e 0 dP r./
* c:j
< ] ggﬁgg
EEEEEEEE
4/
61 T

9 6 3 0 3 6 9
H(G)

FIG. 8. The magnetic field dependence of the rotation angle of

the polarization vectot) at T=399 K.

the temperature hysteresis @fis also observed ati=1.5
and 3.0 G. It is suppressed by the magnetic fléld 10 G.
The temperature dependence of the rotation aggie inter-
preted using the concept of a probability functipTc)
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FIG. 10. The small angle scattering intensity versus temperature
for different momentum transfers

applied, demonstrates the enhancement of the extra factor
Dy In depolarizationD | that is caused by variation of the
rotation angle over the beam cross sectioh Indeed, if
f(¢) is a normalized distribution function of the rotation
angle of polarization vector in the magnetic field over the

which describes the variations of the Curie temperatures ov&§eam cross section, then the depolarization elements perpen-
the sample. This concept is extensively discussed in the ne¥icylar to the applied field, ,D,,D,,,D,, and therefore

chapter.

D, will be decreased by the factor

The elements of depolarization matrix were also mea-

sured as function of the field in the rangle=[ —9,9] G at

(12

constant temperatuff=399 K. The magnetic field depen- Dext= fo f(¢)cog¢—(¢))d¢.
dence of the rotation anglé of the polarization vector is

given in Fig. 8. The magnetic hysteresis in the mean magh distribution functionf(¢) is assumed to be Gaussian with
netic induction is observed. The width of the hysteresis loosquared standard deviatio@, then substitution of Gaussian
(at(B)=0) is approximately equal to 1.5 G. Figure 9 givesinstead off(¢) in Eq. (12) yields Dg,= exp(—crf,,IZ). The

the quantitiedD, D, as a function of the magnetic field at variation of ¢ is possibly caused by a gradient of the tem-
T=399 K. The value ofD, decreases remarkably as the perature over the sample. An estimation shows that the gra-
field increases whil® remains almost unchanged. The hys-dient of the temperature over the sample of about 1 K results
teresis observed in the valuBg , is related to reorganiza- in about 1 rad variations of the rotation angle over the beam
tion of the magnetic structure when the magnetic fieldcross sectior{Fig. 6) and therefore in the extra depolariza-

changes sign and is varied over the range of the small valuegon of the perpendicular componerids of about 30%.
The value of the hysteresis in the depolarization of 10 % at As can be observed in Fig. 8, by the applied field the
zero field(Fig. 9 matches the value of the hysteresis loop atmagnetic moment of these locally ordered regions tends to

the temperature scdffrig. 5).
In our opinion, the strong change of the depolarizafion
together with the weak change Bfj, as magnetic field is

10
091
0.8
0.7+

A 06
0.5
04-
03—

FIG. 9. The magnetic field dependence of the quant@igand
D, atT=399 K.

align. The magnetic inductio¢B) grows rapidly withH and
reaches saturation at a magnetic field of 10 G. In compari-
son, the depolarisatioD| in Fig. 9 only shows a weak field
dependence. From this we conclude that the applied mag-
netic field is sufficiently strong to move out the domain
walls, but is weak in comparison with the anisotropy field.
So, when a magnetic field of 10 G is applied, all magnetic
inhomogeneities contribute to the mean magnetic induction
through the whole temperature range but the magnetic inho-
mogeneous structure is hardly effected in this field range.

B. Small-angle neutron scattering measurement

The SANS experiment was performed on the multidetec-
tor small-angle polarized-neutron scattering setup “Vector”
at WWR-M reactor in St.Petersburg Nuclear Physics
Institute’® The temperature dependence of SANS intensity
in the momentum transfer range x30 3<q=<3
x10°2 A1 was measured through the transition with a
step of 1 K. Figure 10 displays the scattering intens(ty)
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ment on the atomic volume or, by a moment-volume insta-
bility resulting also in Invar effect.

Another peculiarity is the fact that the inverse correlation
length k does not appear to go to zero. This behavior is
commonly observed in disordered systétfS and in these
cases is treated to originate from the spread on the transition

I temperature. With use of the power law relation one can
I ﬁ estimate ther range whichR.(7) is averaged atR{'™
~xkotr ¥, This estimation gives the value of, about
i Ko T1 gives the value of; abou

380 385 390 395 400 405 0.005, but with the low accuracy of about 30%. Finally it is

TX) clear that the correlation length of the critical fluctuations is
not assumed to be unique and is averaged over ghearia-

FIG. 11. The temperature dependence of square of inverse cotions.
relation radiusRC’Z(T). The calculated dependence with the param-
eters obtained from the fits is plotted by solid line. IV. DISCUSSION

for different values of momentum transfeiin the tempera- In order to interpret the above data we summarize the
ture interval 380—450 K. The SANS intensit{T) does not conclusions which follow from the SANS and depolarization
change in the paramagnetic temperature range. With decreasxperiments. The complementary analysis shows a coexist-
ing temperature, the intensityT) increases, demonstrating ence of two types of the correlations in the system in the
the appearance of critical fluctuations in the sample. Theemperature rang€&,>T>T;. First, there are the usual criti-

intensity reaches its saturation B&=385 K. cal fluctuations abové@&; which cannot produce strong neu-
The SANS intensity as a function of the momentum transtron depolarizatior{(see Sec. )l Their correlation lengthRr,
fer q is well described by Lorentzian =k~ ! was obtained from SANS data and it is about 100—
200 A over the whole range. Secondly, the large depolariza-
(o) =A(q*+ %), (13 tion aboveT; is attributed to the existence of large magnetic

where theA and « are the scattering amplitude and the in- inhomogeneities in the system. The size and/or the number

verse correlation length, respectively. This demonstrates th&f these inhomogeneities rises as temperature decreases. The
we deal with conventional critical fluctuations. The param-Presence of these inhomogeneities determines the properties

etersA and x2 were obtained from a least squares fits of Eq.0f_the magnetic system in the temperature rafge-T
(13) to the data. < Ty which is considered as a critical range. Hence, the mag-

The temperature dependence of the square of inverse cdfetic state of the sample in this critical temperature range
relation radius«?(T)=R; 2 is presented in Fig. 11. We see looks similar to ferromagnetic drops in a paramagnetic ma-
. .11

that «? decreases as temperature decreases until a certthjf( with critical fluctuations both in the ferromagnetic and
temperatureT; and then remains almost constant for paramagnetic regions. These. locally ordered magnetic re-
<T;. From Figs. 10 and 11 is seen that the critical rangeg'onS grow in the paramagnetic phase and form a large per-

. colative cluster. The correlation length of the ferromagnetic
spreads over a wide temperature band frogr-410 K, cluster exceeds the correlation length of the critical fluctua-

where critical scattering starts to increase, Tig=386 K, . . o
where it is saturated. The magnetic system is paramagnetic %?ns R, at least by a factor of 10. In this case the dominating

T>T, and it has a hard domain structure &t T, (T, is engthscale is not the correlation length of thermal fluctua-

referred to ferromagngtWe set the temperaturg;, where tions but th‘? chara'c'tenstlc 'ef‘gth of the orde.red re%'ons-
: . Therefore this transition goes in accordance with the “per-
the inverse correlation lengtk becomes constant, as the

transition temperature of the alloy. The temperature depe colative” scenario. W'th Iow_e fing temperature this system of
dence of 2 is described satisfac;tory by the power Iawn[he fe_rromagnetlc regions is smoo.thly tr_ansformed into th_e
K2(7) = 12+ k2. 727 with [7=(T—T)/T,], k2= (R™)~2 dqmaln structure caused by the dipole interaction. Thus in
2 ik _ , DI K= ) this study we follow changes of the characteristic size of the
xo=(Rc") %, v=2/3 typical for ferroma%nets. The line in 3 gnetic inhomogeneities formed Bt T and turning into
Fig. 10 represents this expression WRif*=200=20 A,  the domain size aT<T.. The directions of magnetization
R{"=6+2 A, andT;=386+1 K. of these inhomogeneities are random, so that the average
The parametek,, being a coefficient in the power law magnetization is equal to zero both abdie) and below it.
relation R.~ o 1777, is effectively the inverse correlation However, the magnetic moments of these locally ordered re-
radius atr~1. The valuex, =6 A indicates the presence gions may be aligned by the magnetic field. Then a mean
of spin fluctuations of this scale in the far paramagnetic remagnetic induction(about 18—10° G) appears as a re-
gion. The spin correlations of this sitabout 6—-8 Ainthe  sponse to the external magnetic fi¢ibout 1-10 G). The
invar FeNi alloys well abovd . were reported in a number mean magnetic induction is composed of the magnetic mo-
of paperst®~18 This gives an additional confidence to the ments of the locally ordered regions over the whole sample
fitting procedure performed with the power law relation of volume.
R.(7). The presence of these spin fluctuations well abbye The data of the depolarization, the rotation anglend
is explained by a sensitive dependence of the magnetic m&ANS give an evidence of the smeared phase transition: the
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Curie temperature fluctuates over the sample around the av- 40 0.20
erage(Tc). In Ref. 9 two main reasons of variations of the « ¢ (exp)

Curie temperature and smearing the transition are pointed 304 —¢(fi)  |g5
out. One of them is an enhancement of some component | % 777" P
concentrations over the sample volume when the phase dia- -

gram is complex due to a competition of exchange interac- £ 20 0100
tions. Another one is the inhomogeneous mechanical defor- =

mation leading to local distortions of the lattice in the case of 10 L0.05
the strong magnetostriction. It is experimentally showrat

both factors are equally presented in Invar FeNi alloys. ol : 0.00
Rough estimations demonstrate that large scale variations of 330 400 420 440
the component concentratiomsc of about 0.1% result in TX)

: : ; 27\112

fluctuations of thebcu“e. tempgr?]ture IT the a”@’T_C> FIG. 12. Temperature dependence of the rotation angle of the
~1_03 K. It can 28528tlmate that volume variatiod¥y . polarization vectorp (H=10 G) [squares: experimental points;
~0.1% lead to{ATE)"“~10-30 K. There are no experi- sgjid line: theoretical calculation EL6)] and the probability func-

mental proofs that the latter reason Bf variations is the  tion p(T) described by a Gauss law with fitting parametéFs)
dominant one, however, it is beyond doubt that it cannot be=-397.2 K andAT.=4.55 K.

neglected. The latter reason is essentially important for the
Invar FeNi alloy doped with carbon which tends to form It is seen from Table | that for different conditions of experi-
clusters and then creates regions of different volume densitynents(cooling-heating, magnetic fieldve find (T:)=397
+1, independent of the applied field, whil®T. grows
A. Temperature dependence of the mean magnetization slightly with applied magnetic field. This may be connected

We assume above that there are |6Eal variations and with the alignment of the domain inside inhomogeneities
a into the field direction. Since & =10 G more inhomoge-

magnetically ordered regions appear ab¢¥e,). We sup- neities contribute to the mean magnetic inductiail ¢

pose al_so that .the magnetic IHQUCtIOI’l n the locally ordered:4.55 K obtained at this field may be considered as the
region is described by the scaling expression

most correct value. Furthermore, an increase of the paramag-
B(7)=By|7]”, (14)  netic magnetization in the critical region with applied field is
) neglected. Note that according to Refs. 5-7, the percolation
where 7=(T—Tg)/T¢ is the local reduced temperaturg, temperature is approximately equal @,~(Tc)+ATc
~0.37 is the critical index of magnetization of the pure fer- =401 5 K.
romagnet. As a result the mean magnetic induction of the A large difference exists betweeh, =386 K obtained
sample can be expressed by the convoluB,Tc) [EQ.  from SANS and(T)=397 K from the fit above. The differ-

(14)] andp(T¢) [Eq. (2)1: ence between the sensors in the SANS and ND setups does
0|8 not exceed 2-3 K, so this does not explain the observed
_ oo T e / discrepancy. The discrepancy is explained as follows. The
(B(T)) BOL p(Tc) A dTc, (15 temperaturel; obtained by SANS is actually defined as a

] N ) ) boundary between the ferromagnetic state with a “hard” do-
whereBy is a fitting parameter which takes into account the

demagnetization from magnetic interaction between ordered TABLE I. The LSM fitting parameters of the probability func-
regions. Upon substituting this expression into the exprestion p(T) from the rotation angle data.
sion (8) ¢=\/c(B)L relating the rotation angle of polariza-

tion vector¢ and the mean magnetic inducti¢B), we ob-  Magnetic and Bo (G) (Te) (K) ATc (K)
tain temperature
conditions
- T-T4”
C
b= \/EBOJ p(T’C) p LdT’C, (16) H=10 G, 46205 397.2£0.1 4.55+0.05

T c cooling

Substituting forp(T¢) the GaussiafEq. (2)] in Eq.(16), the H=3 g, 31205 397.0+0.1 3.47-0.05

best fit procedure for the experimental data was carried oubggling

As a result, the three parametéBg, AT and(Tc) were

found. H=3 G, 31505 397.8:0.1 3.35-0.05
Figure 12 shows the experimentally measured points oheating

the rotation angldclosed sq_uare)sanq the theoretlc_al curve |, G, 1940-5 397 1401 3.00-0.05

calculated from Eq(16) (solid line) with the GaussiafEqg. !

(2)] as the probability functiom(T¢) in the magnetic field cooling

of 10 G. The parameters of the fit at different magnetic fieldH=1.5 G, 19085 397.9-0.1 2.90+ 0.05

and temperature regimégsooling and heatingare given in  heating

Table I. The fitted curves are plotted in Fig. 7 as solid lines
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main structure and the critical region where critical fluctua- 10!
tions and large ferromagnetic inhomogeneities coexist. Fur-

ther the center(T¢) of the probability functionp(Tc)

obtained from ND shows the middle point of the critical .
region. Thus, the temperatur@s and(T¢) characterize the ~
low boundary and the center of the magnetic phase transition h=4
in such a disordered system, respectively. This confirms that '

the critical fluctuations play a secondary role of at this tran- 1024 of
sition. First, their average lengtR. is much less than the

size of the magnetic inhomogeneities. Second, the magnetic ; 24
inhomogeneities appear some degrees aligvewhereR. 10370 380 390 400 410 420

becomes maximal and saturated. Finally we can conclude T (K)

that the critical fluctuations are suppressed by the appearance

of large scale magnetic inhomogeneities. In spite of this sup- FIG. 13. Temperature dependence of the depolarizatitnD;
pression, the transition in the local regions is supplied by theit fieldH=10 G. The solid line is a curve calculated from Etj7)
energy of the critical fluctuations. Therefore the mechanisnwith the Gaussiar{Eq. (2)] centered at{Tc)=397 K with the
of the transition in these separated regions is one of the sespreadAT-=4.55 K.

ond order.

Tc—T\2
Rd(T,Tc)=Rd(0)( T ) : (18)

B. Temperature dependence of the neutron depolarization

As we see the valuB | includes the extra factdd.[Eq.  The assumption Eq(18) comes in contradiction with the
(12)] under the condition of the nonzero applied field. Therepercolative concept proposed in Refs. 5-7. According to
fore using Eq.(9) we cannot obtain the true temperature Refs. 5—7, the temperature of the transition is determined as
dependence ofj. D, cannot be also considered in a way thatT, where an infinite percolative cluster appears. Thus the
anologous to the analysis of temperature dependence of thagnetic correlation lengtRy must be infinitely large at
rotation angles(T). On the other hand, the valiy can be  =(T¢)+ATc, while Eq.(18) supposes a continuous growth
analyzed in the same manner. Fortunately, two circumstances Ry through the whole critical range. However, the neutron
allow us to ignore the temperature dependenceypfin depolarization technique provides information on the aver-
Eq(9). First, the polarizationD| changes little when the age size of inhomogeneities which doesn’t change even with
magnetic field is applied. From this follows that does not applying the magnetic field. So the correct value of the per-
change significantly also and the magnetic system is close teolative length remains unachivable with this method. Thus,
disorder. This means that the applied magnetic field moveby assuming Eq(18) we account for the specific feature of
out the domain walls but the magnetic structure caused bthe ND technique and suppose a continuous growth of the
T variations remains inhomogeneous. Second, as it isluster appearing at the local temperatlife.
shown in Refs. 12,13y, may change in the range from 0.25  Thus, we fixed(Tc) and ATc in p(T¢) at the values
(full disordep to 0.75(full alignmen). As compared with a obtained from the fit of the rotation angtg for H=10 G.
total change of the value Iy which is from 0.01 up to 10 Thereby we obtained satisfactory fits for the two parameters
near the phase transition, a changeypfin the same range which are still unknownBéRd(O) andA. From the best fit
can be roughly neglected. We set below the valug ») procedure we findA=0.65+0.05 and Bng(o)=(4_11
=1/2. +0.01)x 10* G?cm. From the paramet@3R4(0) one can

In analogy to Eq(16), the temperature dependence of theroughly estimate the valuRy(0) substitutingd, taken from
neutron depolaization-In Dy for magnetic fieldH=10 G  the Table | atH=10 G: B,=4620 G. Then we calculate
(see Fig. 13was fitted with the convolution of the product easily the valueRy(0)=2x10° A that is close to the do-
[AB(T,Tc)1?Ra(T, Tc) andp(Tc): main size far below the transition temperature. The value of

Ry at the room temperature equalx80* A which coin-

, . cides with the domain size in the invar alloys given by the

Ra(T, Te)dTe. multiple SANS?! From Eq.(18) the correlation length of the

disorder is estimated through the size of the magnetic inho-

a7 " " A

mogeneities at the critical rang&~ Ry(0) 73 ~10* A.
To fit the data in Fig. 13, we take again a power-law descrip- In spite of the discrepancy between the supposition Eq.
tion with Gaussian distribution of transition temperature(18) and the percolative concept in Refs. 5—7, we agree with
p(T¢). Itis supposed that the local magnetic induction in thethe statement that the ratio of the depth of Thevariations
magnetic inhomogeneities & T is described by the scal- (AT:/(Tc)) and its characteristic correlation length
ing law Eg.(14) where 7 is the local reduced temperature. Ry/a (a is the lattice constahtdetermines the scenario of
The critical indexgB is doubled because of the square of thethe transition: “percolative” or “homogeneous.” For the
local magnetic induction in Ed9). We assume that the size case of FeNi alloy under study the criteriuRy/a
of the inhomogeneities grows with decreasing local reduced> (AT /(Tc)) ~?%is well fulfilled and, therefore, the perco-
temperature also according to a power law lative scenario is realized.

2B

T
C
’

1 “ ’ 2
(3
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It is worth to notice that the idea of the convolution of the cording to the criterion proposed in Refs. 5—7 that the crite-
power-law description with Gaussian distribution of transi-rion Ry/as>(ATc/(Tc)) ~?® is fulfilled in our disordered
tion temperature becomes commonly used to treat the expegystem, so the transition goes in accordance with the “per-
mental data in disordered systef3s2*In our work we em-  colative” scenario. In this case the percolation means that the
phasize that the idea df. distribution is closely related to locally ordered magnetic regions grow in the paramagnetic
enhancement of the large scale inhomogeneities afigve phase and form a large percolative cluster. It was also found
and therefore with the percolative scenario of the transitionthat the magnetic cluster siZ; grows with the local re-

duced temperature as Ry~ 7" with A=0.65+0.05. The
V. SUMMARY reasons of th@ ¢ variations which result in smearing of the
) - ) ) transition are still not clear. Nevertheless, the enhancement

The magnetic phase transition in a disordered Systergs the T -variations is proved by the ND experiments along
Fe;gNigo was investigated. The experimental data of the neuyity SANS and the parameters of the phase transition are
tron depolarization and SANS show a smeared phase transjs nd from the data.
tion. To interpret the data we apply the model where the
Curie temperature is fluctuating around the average value
(T¢). In this model the local ¢ variations are described by
the disorder parameters of the systdf), a spread ofl ¢ The authors would like to thank NW@utch Organiza-
variationsAT., and the characteristic size of the local areastion of Advancement of Sciengdor providing funding to
Ry, whereT variations occufEq. (1)]. The parameters of strengthen their cooperation. The work was also supported
the transition obtained from the data akd:)=397 by RFFR(Projects No. 00-15 -96814 and 01-02-17p&6d
+0.5 K, ATc=4.55 K, andR,~10* A. This means, ac- the Russian State Program “Neutron Research of Solids.”
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