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Observation of two length scales of magnetic correlations in the Invar FeNi,s alloy aboveT ¢
by means of small-angle neutron scattering and neutron depolarization
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The magnetic phase transition in the iron-nickel fcc alloysRés 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 abdyein 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 aligvéhe larger-scale correlations with char-
acteristic lengthRy cannot be described by the Ornstein-Zernike expression and its shape could be roughly
modeled by the “squared Ornstein-Zernike” formul{d (r)M(0))~exp(-r/Ry). [S0163-182608)03425-0

The small-angle neutron scatterif§ANS) experiments Apparently two length scales could manifest themselves in
proved to be a powerful method for investigation of ferro-this system also. Regretfully, the corresponding results have
magnetic phase transitions. The SANS technique allows oneot been reported yet.
to measure a Fourier image of spin-spin correlation function, The situation with two length scales aboVe was also
in particular, its shape and its length, although the typicabiscussed for nominally pure materidis? Actually, the re-
resolution of SANS is limited by the range 10—1000 A. Onsults reported therein were stimulating issues for our study of
the other hand, the neutron depolarizati?®D) is mostly  the disordered ferromagnet compounds ab®ye The dis-
contributed by the large magnetic inhomogeneities whictcussion of the two-scale problem was initiated by Andrews’
cannot be resolved in conventional SANS experiments. Foreport on the two-component line shape observed in the
this reason, the SANS and ND experimental techniquesritical x-ray scattering associated with structural phase tran-
could be viewed as complementary ones, capable to providsition in SrTiQ;. At the temperature just above- a very
important information about the investigated disordered sysnarrow peak appeared which was superimposed on the al-
tems. Apart from the size of the magnetic inhomogeneityready present broad peak of the usual critical scattering. This
ND provides indirect evidence about its shape. It is shown irfact implied the existence of a second, and larger, length
Refs. 1-3, that in the case of critical fluctuations ND isscale simultaneously with the usual correlation length of the
rather small and magnetic correlations with a shape similacritical fluctuations just abovd .. Up to now the two-
to critical fluctuations lead to very small depolarization. As acomponent line shape has been observed by both x-ray and
result the observed depolarization can be ascribed to theeutron-scattering measurements in the following sub-
magnetic clusters with relatively homogeneous distributionstances: SrTiQ"® Ho,?> RbCak,*® KMnF3,* UPd,AI3,*
of the induction inside them and with very large spatial di-and Tb*® In the last paper it was demonstrated that the in-
mension. tensity of the narrow component was enhanced near the edge

This paper is devoted to the investigation of a disorderedf the crystal which showed that its origin was mainly lo-
magnetic system undergoing the ferromagnetic phase transtated within the near-surface volume with a thickness of
tion. In the experiment described below we observe a strongbout 0.2 mm. At the same time the broad component has
growth of the neutron depolarization in the sample of Invarbeen observed over the whole crystal volume. As a result it
FeNi alloys in the paramagnetic temperature range, whilevas suggested that the long-range correlatighe narrow
approaching from abov@:. The enhancement of the neu- component above the transition appeared due to the influ-
tron depolarization is attributed to the appearance of thence of defects and surface strains on the ordering parameter.
large magnetic clusters (46 10° A) in the system. Along Preliminary theoretical interpretations of these experiments
with this finding the usual critical correlation(svith radius  were proposed recently in Refs. 14,15. It was assumed that
R. about 100 A are observed at the same temperatures byhe second length scale could stem from quenched long-
small-angle neutron scattering. As a result we demonstrateange disorder. It was argued in Ref. 14 that this length scale
the coexistence of two length scales in Invar FeNi alloycould be attributed to new critical behavior in the near-
aboveT.. surface region, while the bulk displayed the critical behavior

The similar situation with the coexistence of two inhomo- of the pure system. It should be contrasted though to the
geneity scales arises apparently in the SANS and neutrorecent papet? where it was shown that the second length
depolarization experiments in reentrant spin gladSeEhe  scale was apparently inherent for URdl. We note that up
analysis of this problem is, however, not completed. Here weo now two length scales were observed in the nominally
wish also to mention the paper by Woegal.® where the pure materials. However appearance of the second length is
coexistence of the short-range spin-glass behavior and antittributed to some kind of disorder in the systems undergoing
ferromagnetic long-range ordering well beloweéléempera- a first-order transition related to the coupling of the strain
ture was demonstrated in the (zeMigy42Cl, compound. and order parametéf.
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It is well known that alloys of Fe with Ni in the Invar aboveT. is given by the Ornstein-Zernike formula and in-
concentration range are strongly disordered systériihe  creases as temperature approaches-®-2°
guestion arises whether an appearance of the large-scale in-

homogeneities aff>T. is connected with a disorder of do 2 1
magnetic subsystem in Invar FeNi or it has another origin. TN §r(2)y28(8+ 1)—2T2, 2
We cannot now resolve this problem which needs further ri Re“+q

investigation. We believe however that the intrinsic disorder

. . 2_ .
plays the crucial role in the appearance of the second lengtffn€req~k- 6 is momentum transferoro)“=0.292 b,Sis
scale. an atomic spin, and, is of order of interatomic distance.

For the cross sectioay we have neafl ¢

|. THEORETICAL BACKGROUND
IN[1+(ka¥ 7 ")2]. (3)

2 2,2
. Uq,=§77roy S(S+1) 5
We demonstrate below how the complementary analysis (kry)
of the small-angle neutron scatteritGANS) and neutron ) o
depolarization(ND) data allows one to establish the coexist- " réal experiments the temperature stabilization and tem-

ence of two magnetic correlation lengths in disordered ferroPerature gradient within the sample restrict th§4value by
magnets just abovec . the condition| 7|= 7,,,, where usuallyr;,~10"*. Substi-

It is known that the usual resolution of SANS rangestuting this minimum valuery, into Eq.(3) for A~10 A one

about 10-1000 A, while the method of ND provides infor- 0btainsoy=<0.5 b. IfL is of order of a few millimeters and
mation on a larger scale. It is very instructive to adopt theNo~10%, the depolarization reaches a value of the order of a

scattering and depolarization. We sketch below some basfgonfirmed expen_mentallf/l_ the va_llue of AP/Py=~1% has
notions. If a neutron interacts with inhomogeneity of size ~ Peen found for Ni monocrystal with=0.5 cm andh =3 A

. . . . —10"4
its momentum acquires uncertainty of order 7ofR. This ~at7=10"" o
interaction gives rise to a small-angle scattering with This small depolarization is a result of weakness of the

. - L magnetic correlations inside the ran&e. Indeed in real
~h/R perpendicular tok. The depolarization of neutrons ¢y 06 the Omstein-Zernike correlation function is propor-
transmitted through the sample is a result of unresolve

: ; > . ional to (1f) -exp(~r/Ry), i.e., forr <R, it decreases asrl/
small-angle magnetic scattering within angular width of thea; he same time in the case of the finite-size inhomogene-

beam(Maleyev and Rubat). In this case depolarization is yieq \yith rangeR, the corresponding correlation function is

determined by the integral cross section of scattering norma-ssentially independent af for r<Ry. In this case if ¥

ized per one magnetic atomy , within the acceptance 3”9"? > (kRy) ~1] all scattered neutrons enter the central detector

of the central detecto¥’. It has been shown that the magni- 54 the neutron depolarization may be considered classi-

tude of the neutron depolarization depends on the relatlvga"y. As a result one may rewrite E€L) in the Halpern-

orientation of the initial polarizatio®®, and neutron wave Holstein form and foB, L K we havé

vector kK as well as on the magnetic anisotropy of the

sample! =3 For a magnetically isotropic sample andPi§L k ;{ 1( 7B(T))2 )
P= PO d ’

2

4

we have for the polarization of transmitted beam

P=Pyexp((—3/2)- o¢NglL), (1)  whereB is the magnetic induction inside the inhomogeneity,
v is the neutron velocity, and the factdr/2) appears instead
where N, is the density of magnetic atoms amdis the  of (1/3) due to above-mentioned dependence of the depolar-
thickness. ization on the relative orientation &3, andk. In this clas-

We see that the neutron depolarization allows one to desical limit we haveoy~ Ry, while for the Ornstein-Zernike
termine the total scattering cross sectioy for q<kw¥ correlationsoy ~a IN(kRW)<R.. It is the reason why the
=0min, i.€., it contains the integral information about the Ornstein-Zernike fluctuations give rise to much weaker de-
inhomogeneities with large siz&®=1/q,,;,. On the other polarization than the finite-size inhomogeneities. The main
hand, for SANS the momentum transfer lies in the ragge consequence of the above consideration is the statement that
=kW¥ which corresponds to inhomogeneities with a dize the Ornstein-Zernike correlations cannot produce strong ND
<1/Qmin- and it does not depend on their rarigg.

It is well known from neutron scattering that one can The studies of traditional ferromagnets, e.g., Ni powter
obtain the spin-correlation length of critical fluctuations andand Fe polycryst&f undergoing a magnetic phase transition,
its temperature dependent®® This spin-correlation length confirm this description of the neutron depolarization. Con-
is the single important length scale which exists in the criti-trary to these previous experiments, in the study reported
cal region abovd . As the Curie point is approached, the here, the depolarization abovig: is revealed to be much
size of the critical correlatioR. increases unlimitedly as larger than the one calculated with the use of SANS data and
R.=a7~”, wherea is of order of the interatomic distance, Egs.(1) and(3). We attribute the enhancement of the neu-
7=(T—T¢)/Tc is the reduced temperature, amdis the tron depolarization to the appearance of large-scale magnetic
critical exponent of correlation length; in ferromagnetic ma-inhomogeneities along with the usual critical fluctuations at
terials we havev~2/3. The diffuse cross section of SANS T>T..
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Il. EXPERIMENTAL DETAILS %, 4=0.023 §*

We chose for the present study the 4,5 alloy with fcc i %KT.,‘ T P 32828%3 %Z:

structure doped by carbon 0.7 at. %. The addition of carbor ' J ccooo q=0,007 8~
helps one to get a wholly austenite sample at room tempera
ture with Curie temperatur€: higher than martensite tran-
sition temperaturd,,. In our sample we havé =150 K
and according to magnetic susceptibilifiz=190 K2 We 10 T
will demonstrate below that the Curie point determined this 2 ""., ¢
way coincides with the temperature of magnetic transition~ ]

2
20 96000 qep 000000 00OB S 000}

. units)
#

obtained from SANS data. Additionally, the identification of >,
austenitic fcc structure abovi,, and martensitic bcc struc- "% ) ",
ture belowT, was carried out by means of neutron diffrac- & \'M " i s gy e
tion on the Mini SFINKS high-resolution Fourier time-of- g o
flight powder diffractomete?* These measurements g i
confirmed that the sample had fcc structure in the initial state 1 s, 000000000 %2 oo
without admixture of any other phase and acquires the bce M‘,‘fﬂ 'I?‘“‘u
structure after cooling below,,. m ° ‘aas

The sample had the form of a plate with dimensions 45 1 ¢ ¢ g A
X 10X 1.3 mnt. It was mounted in the refrigerator RNK10- 120 ' 140 ' 160 ' 180 ' 200 ' 220 ' 240 260

300. The temperature stability was about 0.1 K. The tem-
perature was lowered from 270 to 120 K in steps of 1 K. The
temperature dependences of SANS and both depolarization fiG. 1. The temperature dependence of SANS intensity at vari-
and intensity of the transmitted beam were measured simubus momentum transfers (0.007, 0.013, 0.018, 0.0237&). No
taneously. The magnetic contribution was separated usingackground corrections have been made.

the scattering intensity at temperature 270 K as a nonmag-

netic one, where ND completely disappears. The polarizatiopendence of SANS intensity and diffraction measurements at
of the transmitted beam is determined in the usual way. Th@amperatureT <T,, allows one to identify this phenomenon
neutrons were polarized perpendicularly to their initial mo-with the appearance and growth of bcc structure in the
mentum Pyl k and parallel to the measured momentumsample. The difference betwe&g andT,, amounts to 40 K,

transferf’olla. This experimental geometry allowed us to es-and therefore one can neglect a direct_influence of the struc-
timate the inelastic contribution to the magnetic scatteringure phase transition upon the magnetic one.
(see below. A guide field of 0.5 Oe was applied to the  The temperature dependence of the polarizafioh) and
sample. the intensity of the neutron scattering @=0.013 A! is

In this experiment the SANS facility “Vector” installed given in Fig. 2. The similar data for pure Fe shows that the
at the reactor WWR-MGatchina has been employéd. It beginning of depolarization coincides with the small-angle
contains 20°3He detectors supplied with the polarization Scattering maximunisee, for example, Fig. 3 in Ref. P1
analysis for each scattering channel. The initial polarization' his result is in agreement with the above-mentioned theo-
was better than 94%; intensity at the sample amounted téetical  predictions  for  depolarization by  critical
lo=7X10 n/(s cnf), the incident wavelength was set to

Temperature (K)

A=10 A with 6A/\~30%. The setup vector covers the 1.2 7 6
range of the momentum transferxd0 3<qg<3x10 2 P(q)) (q < 0.002 é::g -
A~ in a horizontal direction with a step equaling<a0-3 101077 K9 (a = 0018 A eineeed
AL 7 . L
a8 . [ 2
ll. RESULTS AND DATA ANALYSIS ._8 0.8 ‘ -'d"-"-_‘;. . -5 §
A. Constant-q temperature scan SO 6 _ . §
The temperature dependence of the scattering intensity'g ] _"-, L
[(T) at various momentum transfers is shown in Fig. 1. Two = ] . L
principal features are mentioned. First, a broad maximum 0047 <. '.% r4 '5
centered neaf =190 K occurs which is associated with the R ] . *. L g
critical neutron scattering. As momentum transfiedimin- 0.2 JT. e r 3
ishes, this maximum shifts to lower temperatures. Since the ] .y PSS, | 3
position of the maximum changes with the critical tem- . 2 L
: - ; 0.0 S A 0 B s WL I 05
perature cannot be unambiguously defined this way. How- 170 190 210 230 250
ever, the critical temperature determined below by the scal- Temperature (K)
ing analysis coincides witlT obtained by susceptibility
measurements. FIG. 2. The temperature dependence of the transmitted beam

Secondly, at temperatures beldw,=150 K a growth of  polarization and scattering intensity at momentum transfer
the SANS intensity is observed. The analysis of bgtde-  =0.013 A! for Invar FeNi alloy.



PRB 58 OBSERVATION OF TWO LENGTH SCALES OF ... 3209

80 T oooot=z11 K 10° 4
1 ooopo T=210 K ]
4 aaaan T=207 K
707 rees T=204 K
J Adasa T=200 K
] eseee T=195 K
60 - smmmw T=190 K
4 [o]
’550—: o
EDE < ]
. 4‘0" o -4
£ o 10 ]
] ]
304
]
20
10+
0-lIll[lI!I[Illl|lll[[lllllllll|llll 10'5 T r q v | — r ; r T r . .
0.0 1.0 20 30 40 50 6.0 7.0 190 195_200 205 210 215 220 225
q"(107°4™) Temperature (K)
FIG. 3. The inverse intensity *(q) as a function ofg® for q FIG. 4. The temperature dependence of square of inverse corre-
<0.03 A™! at various temperaturés> T . lation lengthx?=R; 2(T).

fluctuations:=3 Namely, the depolarization by the critical «* is obtained from least-squares fits of Eg) in the mo-
fluctuations cannot exceed a few percent within the wholgnentum transfer rangge (0.01-0.025) A™*.
paramagnetic rangeTTc). The value ofA increases monotonically with lowering of
The strong discrepancy between the results of experithe temperature and has a weak maximum rigar The
ments with pure Fe and with Invar FeNi alloy becomes nowsquare of inverse correlation lengf(T)=R_? first de-
obvious. For FeNi alloy as well as for pure Fe the polarizacreases with lowering temperatureTat 195[corresponding
tion of a transmitted beam pertains to its valug atT; and  to parameterr=(T—T¢)/T¢ in the range(0.02-0.2] and
is equal to the polarization of an incident beddy. As the then becomes essentially constéfig. 4). The temperature
temperature of the sample approaches the transition temperdependence ok? in this range obeys the power lawf(7)
ture, depolarization appears. However, in contrast with the= KS-TZV with »=0.68+0.04, K§=0.014i 0.002 A2, The
iron sample, the polarization begins to diminish for the in-calculated dependen@t‘z('r) with the parameters obtained
vestigated FeNi alloy at temperatufg~Tc+25 K and con-  from the fits is plotted in Fig. 4 by the full line.
tinues to fall within the range 215-180 K. At the Curie tem-  The critical exponent of correlation length coincides
perature Tc=190 K) polarization is equal to 25% of the within the error bars with the value found for the Heisenberg
incident one. According to the analysis given in Sec. | itferromagﬂeté;5 Extrapo|ating the above dependence of?
corresponds to the appearance of the magnetic finite-size in the temperatures below 195 K we g€t=0 atTo=190

homogeneities in the temperature rafiges T<T,. K which coincides with the Curie temperature determined by
the susceptibility measuremerfsThe fact thatR_* does
B. g dependence of the scattered intensity not apparently vanish &t may be attributed to a distribu-

k’gion of T¢'s in the sample. Meanwhile it could be an intrinsic
(ggature of systems with a competition of the exchange
interactions’®
h In the previous analysis we assumed that the inelasticity
of the scattering could be neglected. However we use the
neutrons with a large wavelengih~10 A and this assump-
tion should be verified. Performing the analysis of the polar-
ization of the scattered neutrons one can estimate the contri-
butions of elastic and inelastic scattering keq).” It is
A knowrf’?8 that in the case of small-angle quasielastic scat-
I(q)= ——, (5) tering on magnetic fluctuations, the polarization of the scat-
g+ k2 tered neutron® changes its sign without any depolarization

whereA and k are the scattering amplitude and the inverseIf Fhe initial polarizationP, is along Fhe scattering vector
It is a consequence of the expression

correlation length, respectively. We see that all data sets
i 1 2 H > s s > PN

show the linear dependence IOT (q) on g-. Mqre precise P=—6.(6-By), e=qlq, (6)

results are further obtained by fitting the experimental points R

with the function I(qg,x) convoluted with the resolution whereq is the vector of the momentum transferred. We have

function. The temperature dependence of paraméteaad measured the final polarization in the geometry when

In the data presented in Fig. 1 the nonmagnetic bac
ground has not been subtracted. Following the standard pr
cedure we determine thg dependence of pure magnetic
scattering, adopting as a background the spectra at the hig
est temperaturd =270 K.

The resulting inverse intensity (q) is plotted in Fig. 3
as a function ofy? at various temperatures so as to verify a
validity for the Ornstein-Zernike expression;
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PolaLk, and have found thaP=—P,-(1%0.05) for all 10
temperatures abovE: . It means that the inelastic contribu-
tion does not exceed 5% of the total magnetic scattering and
lies in the error limits. As a result we conclude that the
guasistatic approximation is valid in our case.

The theoretical estimate confirms the experimental re-
sults. Indeed, the characteristic energy of the critical fluctua-
tions in ferromagnets fog>« is given by Refs. 29,30:
Q(q)=Tc(q-a)%? wherea is of the order of the inter-
atomic distance. FofF-~200 K~20 meV and intermediate
values of q (g-a)®?~107%, we have thenQ(q)~2
X102 meV<E,~1 meV. As a result, we see that inelas- -3
ticity of the critical scattering is small as compared with the 10
elastic contribution, in spite of the rather small neutron en-
ergy.

p—
Lol

1o1agiinl

p—
O
%

il

Number of events

Ll

|
IS

10 16’0"”lIIl‘éb”“”ébb‘””“z’z‘b‘””“2‘4’6‘“

Temperature (K)
C. The mean free path of the neutrons

The simplest analysis of the obtained data can be carried FIG. 5. The temperature dependence of the numbers of scatter-

t using th t of th f th of th i Ing eventsN;(R=1/q,,,) and N»,(R=<1/g,,,y) along the sample
out using . € concept of the mean iree path of the neu ronR'?:ngthL. T, is temperature where the depolarization appears.
scattered in the rangep=kV =q,,, andg<kV¥ that corre-
spond to inhomogeneities of a siZ@<1/q,, and R
=1/Qmin, respectively.

We saw above that in the caBe k the cross sectionry, In this section we will demonstrate the coexistence of two
for the magnetic scattering in the rangesk¥ may be de-  |ength scales for magnetic fluctuations abdve. In Fig. 6
termined by Eq(1). This equation defines also the mean freeyye present the temperature dependence of the correlation
path of neutrons in magnetic media for the scattering Onength R, extracted from scattering data. It is seen that cor-
Iarge-sc_aie inhomogeneities R& 1/qmin) as 14=(3/2  relation lengthR, increases smoothly &decreases in value
~oyNo) . _ o o from about 3@:10 A at T=220 K up to 1210 A at T

At the same time the transmission coeffici€fi)/I, can =Te.
be considered to be a result of absorption and small-angle simultaneously from the neutron depolarization data we
scattering off the angular width of the transmitted beamggiaplish the size of magnetic clusters. Using @jone can
where I (T) and |, are the intensity of neutrons passed yetermine the productB2)R4 only. Therefore we should
through the sample and intensity of the incident beam. Wenake some rather arbitrary assumption about the wBde
can attribute the whole temperature dependence of the trang; roughly estimateR,. This approach is justified since our
mission  coefficientt(T)=1(T)/I(270 K) to the critical ta5) is to demonstrate thR=R, . According to Ref. 17 the

_magnetic_ scattering off the pentral detectbere T=270 K magnetic moment per atom in the alloy/BNi,s is equal to
is the highest paramagnetic temperature of the measurgy

: : , upg at T=0, and taking into accourty~ 10" we obtain
ments, where the magnetic scattering disappedrsorre-
sponding cross section is denotedogs_v) . As a result we
have

IV. DISCUSSION: TWO LENGTH SCALES

10°

smmsm R,

Ra

L1t

t(T)=1(T)/1(Tp) =exp(— o 1w NoL), (7) 10 *

L gaaarnl

—
and we can determine(; ) and the corresponding mean S
free pathll,q,=(o(1,q,)N0)‘1 of neutrons in magnetic me- v10 ?
dia for small-scale correlatioR<1/qy;, - Q:,

The valuesL/ly, L/l;_y are numbers of scattering Q:“’
eventsN;(R>1/q,i) and No(R<1/q.,i) in the sample of
the thicknes4., respectively. The temperature dependence of 10 °?
both values is shown in Fig. 5. From this figure it is seen that
the valuesN; and N, have different temperature depen-
dences. As temperature decreasMs, increases weakly,

i1 g1l

while the temperature evolution df; is similar to that ofN, 1015')(',' %00 210 220 230

at the temperaturé> T and has strong growth at tempera- Temperature (K)

ture T<Ty=~215 K. The dramatic growth df, is observed

as temperature diminishes frofg to T and the strong scat-  FIG. 6. The temperature dependence of correlation raijus

tering on the large-scale inhomogeneities becomes evidentand roughly estimated size of inhomogeneites
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B(0)=47M(0)~4 KkG. Substituting L=0.13 cm and finite-size shape presumably the Ornstein-Zernike squared,
B=B(0)/2into Eq.(4), the temperature dependencegfis  which in real space is given by exp(/R.). As a conse-
calculated and is shown as a full line on Fig. 6. guence of that we believe that the mechanism of the appear-
It is clear thatR4 obtained in this way may be considered ance of both types of inhomogeneities is different. In sum-
only as a lower boundary and no possibility exists to obtainmary, we demonstrate the coexistence of two length scales of
the real temperature dependence of magnetic inhomogeneitgagnetic correlations abovEé: in the intrinsically disor-
size. Nevertheless, the obtained size is arount-10° A, dered system using neutron depolarization and small-angle
that is by two orders of magnitude larger than critical corre-neutron scattering measurements.
lation length over all the temperature range T, . There-

fore the polarization data have been interpreteq as a result _of ACKNOWLEDGMENTS
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