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The magnetic phase transition in the invagdNgs5 alloy has been investigated by small-angle polarized-
neutron scatteringSAPNS along with both three-dimensional neutron depolarization and thermal-expansion
measurements. The data give evidence for a smeared phase transition. A spatial distribution in the Curie
temperatureT ¢ is introduced to explain the experimental data. The Idcalvariations are described by the
standard deviation of the transition temperatiig. and by the characteristic length of tie variations,Ry.

The deduced parameters gB.)=485+0.5 K, ATc=12.5+0.2 K, andRy~300 nm. The critical SAPNS
experiment was performed in a special inclined geomd%ys(inclined to the wave vect&). Two different
contributions to the critical scattering were analyzed in the magnetic-field (Arg€®00 G and the tempera-

ture range T¢c£0.1T¢) of interest. First, the two-spin-correlation function was studied. Second, the dynamical
three-spin-correlation function, or the so-called dynamical chirality of the system, was investigated by extract-
ing the asymmetric part of the polarization-dependent scattering. We distinguish two contributions in the chiral
scattering, which stem from the spin waves in the large magnetic inhomogeneities and from the three-spin-
correlation function of the critical fluctuations. The data are interpreted in terms of the static and dynamic
scaling theory accounting for the concept of logal variations.

DOI: 10.1103/PhysRevB.69.134417 PACS nuntder61.12.Ex, 75.40-s, 75.50.Bb

[. INTRODUCTION areas with differenT. In Refs. 6, 7, and 10 a model was
proposed to describe the influence of the large-scale disorder

The magnetic phase transition in disordered systems ham the ferromagnetic transition. In general, the scaling theory
recently attracted much attention. In the last decade the prolof a second-order phase transition assumes only one length
lem of a coexistence of two length scales for the fluctuationscale, which determines the properties of the system near the
of the order parameter above the phase-transition temperghase transition. This is the correlation length of the order
ture T¢ was extensively studiédand both large-scale fluc- parameter describing the critical fluctuatiomg=ar *,
tuations and critical fluctuations on a small length scale werevherer=(T—T¢)/T¢ is the reduced temperatures=2/3 is
observed. In spite of the fact that observation of the “two-a critical exponent, and is of the order of the lattice con-
scale” phenomenon had been made in pure materials, thstant. When T variations, characterized by 7
appearance of the large-scale fluctuations is attributed to dis= AT /(T¢), are relatively large, then they cause the ap-
order in the systerh.The mechanism of this phenomenon is pearance of another characteristic length seéyleThe fer-
not clarified yet. On the other hand, attempts have been mademagnetic transition can then have a compliehomoge-
to describe the experimental data in disordered systems usingous nature. We consider two limiting cases. When the
a scaling theory with a Gaussian distribution for the transidength scaleR, is much smaller thamR, at 7= r;, then the
tion temperaturé=> Recently it was suggestel that the thermal fluctuations average out the locally disordered re-
presence of spatial variations T is closely related to the gions. This leads to the homogeneous scenario of the phase
enhancement of the large-scale fluctuations abive transition. In contrary, wheRy>R.(7;), the thermal fluc-

In previous work&® we concluded from neutron depolar- tuations do not average out the local variationsTin that
ization (ND) and small-angle neutron-scatterif®ANS)  leads to a percolativéor inhomogeneouysscenario for the
measurements that two different length scales for the magransition®’ In a previous study we used the three-
netic correlations coexist in invar FeNi alloys around thedimensional(3D) neutron depolarization technique to inves-
mean critical temperatur€T ). Using SANS it was shown tigate the large scale correlations nedic) in an invar
that the smaller length scale is attributed to the critical fluc+e;gNisg alloy doped with 0.7 at. % carbdh\We interpreted
tuations and that their shape is well described by a Lorentzthe data of the ND experiment in terms of an appearance of
ian in reciprocal space. Using neutron depolarization mucharge-scale magnetic inhomogeneities abdye The char-
larger magnetic inhomogeneities were found abdve. acteristic parameters derived for the ferromagnetic phase
Their shape could be roughly modeled by a squared Lorentransition of FegNizg are (T¢)=397 K, ATc=4.5K, and
zian. Recently, the presence of two length scales aldye ~ Ro~10° nm.
was interpreted as a consequence of the large-scale disorder,In the present paper we continue investigation of the fer-
which leads to local variations ific.%"° These localT. ~ romagnetic phase transition in the classical invagsNis
variations are described by the average Curie temperatuidloy. This alloy shows similar features as the,J~\é,5 and
(Tc), its spreadA T, and the characteristic siZ®, of the  FeygNigg alloys, investigated in Refs. 8 and 9. The magneti-
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zation and neutron depolarization were measured as a func- The paper is organized in the following way. Section Il
tion of temperature at different magnetic fields. We fitted thegives a description of the magnetic phase transition with a
temperature dependence of the magnetization by a convol@aussian distribution of the variations i . This section
tion of the distribution functiorp(Tc) and the scaling law contains the data of the three-dimensional analysis inter-
for the magnetization. The same analysis was performed opreted in terms of the concept @t variations. The data of
the data from ND measurements leading to additional result$E is added into the section for completeness. The results of
on the scale parameter of the disoréRyr The deduced pa- the SAPNS measurements are given in Sec. lll. There we
rameters ardTc)=485+0.5 K, ATc=12.5+0.2 K, and show what information can be obtained from the SAPNS in

Ro~300 nm. We have complemented the data of the neutrof'® so—.callled inclined geometry. .The temperature and
depolarization with thermal-expansidiiE) measurements. magnetic-field dependence of the different contributions to

These data show changes in the sample length near the fép-e SAPNS. pattern are shown. and the parameters extra(;ted
. . . . ._after the fitting procedure are discussed there. The theoretical
romagnetic transition caused by a strong spin lattice couplin

in the vicinity of T . The latter combined with concentration %ackground describing SAPNS in inclined geometry is ex

lained in the Appendix.
inhomogeneities in the alloy may be pointed as a possiblg I I ppendix

origin for the observed¢ variations. IIl. MAGNETIC PHASE TRANSITION WITH GAUSSIAN

Furthermore, the paper is aimed to study the effect of DISTRIBUTION FOR THE Tc VARIATIONS
variations on static and dynamic properties of the magnetic
system on the length scale of the critical fluctuations. For this A. The concept
reason small-angle polarized neutron-scatte(8@§PN9 ex- We assume the presence of lod} variations in our

periments were performed in a magnetic fieldnclined to  invar iron-nickel alloys'>8°As shown below, this assump-
the wave vectok. This geometry allows one to distinguish tion is confirmed by experimental data. Let us consider the
three contributions to the critical scattering. First, the pair-presence ofl ¢ variations with a Gaussian distribution:
correlation function, which is related to that part of the scat-

tering which may be studied by non-polarized SANS. This (To)= o] — (Te—(Te))? @
contribution does not depend on the polarization. Second, the Pllc 27(ATe)? 2AT2 ’
nuclear-magnetic cross correlation, or the interference, term

is attributed to the symmetric polarization-dependent part ofvhere(T¢) is the average Curie temperature aiid is its

the scattering. This contribution appears when fluctuations o$pread. In accordance with Refs. 6, 7, and 10 the concept
the nuclear and magnetic contrasts occur at the sanp ( implies the introduction of a characteristic length scRlg
space. Third, the dynamical three-spin-correlation term concorresponding to the correlation length of the variations.
tributes to the asymmetric polarization-dependent part ofndeed, the Curie temperature is, by definition, a macro-
SAPNS. This term is a projection of the chiral spin fluctua-scopic parameter of the material. The length séqjéor the
tions onto the sample magnetization and is known as a dyvariations inT¢, therefore, has to be much larger than the
namical chirality. One may extract and investigate this parcorrelation length of the critical fluctuationB;. As was
only if an inclined geometry is uséd=*3In this method one shown in Refs. 6, 7, and 10, the relatively largg varia-
measures the left-right asymmetry in the SAPNS pattern thaions, 7;=ATc/(Tc) combined with their large correlation
originates from the interaction of the neutron spin with thelengthRy, result in a ferromagnetic transition with a perco-
dynamic three-spin correlation. Later on this method wadative (inhomogeneoysrather than a homogeneous nature.
extended to investigate the spin-wave dynamics inRigorously speaking, if the spatial variatidR, of T¢ is
ferromagnet$?~®The pair spin-correlation function is stud- larger than the correlation leng#{(Tc)/AT¢)”, one should

ied as a function of the temperature and the magnetic field. Aake into account the spread @f. In other limiting case
crossover to the strong-field regime in the critical temperaR,<a({(Tc)/ATc)” it has to be neglected.

ture range is observed. We distinguished and separated two The qualitative description of this percolative transition
contributions in the asymmetric scattering, which stem fromcan be given as follows. The magnetic state of the system for
the spin waves in the large magnetic inhomogeneities anthe temperatures aroud ) can be described as ferromag-
from the three-spin-correlation function in the critical fluc- netic droplets in a paramagnetic matrix with critical fluctua-
tuations. The existence of spin waves is observed in the tentions both in the ferromagnetic and paramagnetic regions.
perature rang& c— AT<T<T+ATc, where both ferro- The heavily damped spin waves are enhanced in the ferro-
magnetic and paramagnetic regions coexist. The temperatuneagnetic regions. These locally ordered magnetic regions
behavior of the spin-wave scattering intensity is found to begrow in the paramagnetic phase and tend to form a large
proportional to(S)T convoluted with the distribution func- percolating cluster a{T¢). In zero field above(T¢) the

tion p(T¢) with (S) as an average spin. Another contribution direction of the magnetization in the ferromagnetic clusters
to the inelastic scattering is that of the three-spin-correlatioris random, so that the average magnetization is equal to zero.
function. It depends linearly on the magnetic field and hafNevertheless, in an applied magnetic field the magnetic mo-
the samey dependence as the pair correlation. This behavioments of these locally ordered regions have to be aligned.
is in agreement with the principle of the dynamical critical Then a mean magnetic induction, composed of the magnetic
factorization’ which is known as Poliakov-Kadanoff- moments in the locally ordered clusters, appears as a re-
Wilson algebra. sponse to the external magnetic field.

134417-2



CRITICAL SCATTERING OF POLARIZED NEUTROIS . .. PHYSICAL REVIEW B 69, 134417 (2004

B. Method: Neutron depolarization ' ' ' ' ' '
. . o . 201 —*—T=500K a
The three-dimensional neutron depolarization technique — A T=485K

gives the information on the average magnetic induction and (5T T=T0K /‘ |

the average size of the magnetic inhomogeneities/domains. —e—T=450K

In this technique the polarized-neutron beam is transmitted S 10 —e—T=43K I v

through the sample. The polarization of the neutron b&am, g | -~ 1
<

changes after transmission. This change involves both a pre-
cession of the polarization vector, due to the average mag-
netic induction in the sampléB(r)), and a reduction of its

length, i.e., a decrease of the degree of polarization, due to 0y &°
fluctuations of the magnetic inductiochB(r)=B(r)—(B). ' - - ' ' -
The rotation anglep of the polarization vector around the

average magnetic inductiofB) can be expressed ag H(G)

=\Jc(B)L, where L is the sample thickness¢=2.15 1.21— - - - . .
X10P°\2 m™* T2, and\ is the neutron wavelength. Thus b

the magnetic inductiofB) can be directly derived from the 1.0 %:‘::3;;:3
measured value of the rotation angle The reduction 0.8- \ — ]
in |P| (depolarizatioh is related to the fluctuations 7 /v/

in the local magnetic inductionAB by (|P|/|P|) & 064 ® —
=exd —acRy((AB)?)L], whereRy is the average size of the = \M—./‘/
large-scale magnetic inhomogeneities/domains/clusters, and 044 :$222§
a~1 is a constant depending on the mutual orientation of \. v T=4T0K
the initial polarizationP,, and the neutron wave vectér, 0.21 ~— " _e_T=450K |
and (B).*8~% Provided AB is known, one can obtain the 0.0 e T=sK
average size of the magnetic inhomogeneiRgdy measur- Y0 10 20 30 40 50
ing the degree of the polarizatid® P,. It should be noticed H(G)

that the neutron depolarization strongly depends on the neu-
tron wavelength\, which determines the sensitivity range of  FIG. 1. The magnetic-field dependence of the polarization rota-
the measurements. N=0.1 nm, then for a typical sample tion angles (a) and the neutron polarizatidi®/Py| (b).
thicknesd. =1 mm, we can expect 1% of depolarization for
magnetic inhomogeneities with a strengthBof 1. kG anda  fthe applied magnetic fieldd =0,5,10,20,30,40,50 G. Fig-
size oquz 10® nm. If \=1 nm, then the sensitivity of the ure 1 shows the values @f and|P/P,| as a function of the
method increases by factor 100 and consequently the magg|q 4t different temperatures near the phase transition. As
netic inhomogeneities dky~10 nm become visible. can be seen in Fig. 1, the magnetic moment of these locally
In the same way as shown in Ref. 9 for/jdizo we use  grgered regions tends to align in the applied magnetic field.
the three-dimensional analysis of the neutron depolarizatiogpe magnetic inductiofiB) grows rapidly withH and satu-
to study the magnetic state of gllizs as a function of the  rates in a magnetic field of 40-50 G. In comparison, the
temperature and the magnetic field. A plate with dime”SiO”%iepolarization shows a weak-field dependence only. From
40x10x 1.0 mn? was used as a sample, whére 1.0 MM this we conclude that the applied magnetic field is suffi-
is the transmission length and the field was oriented alongjently strong to move the domain walls inside the ferromag-
the long axis, i.e., perpendicular to the beam. Threepetic regions, but is weak in comparison with the anisotropy
dimensional m_eutron depolarization exp_erlments were peffie|d. So, when a magnetic field of 50 G is applied, almost all
formed on the instrument PANDA at IR in Delft. A neutron magnetic clusters are oriented along the preferred local an-
beam was monochromatized)at=0.124 nm QA/A=0.02)  jsotropy axis through the whole critical temperature range.
and polarized with a o_legree of polarizati®y=0.94. The The temperature dependencedfat H=50 G was ana-
sa.m.ple was mounted into a furnace that could be regulateg,zed using the Gaussian probability functip(iTc) for the
within 0.1 K for temperatures from 300 K up to 700 K. The yariations in the Curie temperatufe with an average value
applied magnetic field was changed in the range from 0 to SQTC) and with the standard deviatiaxiT  [Eq. (1)]. Further-
G._In c_)rder to extend the sensitivity of the method the depom,gre, we suppose that the local magnetic induction inside
larization data were also taken &&0.92 nm @QA/A=0.2)  the inhomogeneities is described by the scaling law
on the instrument \(ector at the WWR-M reactor at St PeterSB(T,TC):ATﬁ for T<Tc with a reduced temperature
burg Nuclear Physics Institufé. =(Tc—T)/Tc and a critical exponent of3=0.37 corre-
sponding to a pure ferromagnet. The rotation art&) can
C. Results: Neutron depolarization be expressed by the convolution BT, Tc) andp(Te):

The rotation anglep and the degree of polarization of the

transmitted neutron beah®/P,| were measured as a func- T)= CLJOC TOB(T.TAdT 2
tion of the temperature nedl c)~485 K at different values HT)=e T P(Tc)B(T Te)dTe. @
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ization of the transmitted beam is close to the incident polar-

2515 : : 0.05
| ﬁziﬂzz igt E:g)) ization P,. When during cooling the temperature approaches

201 g ---- T, dismbmin 10-04 the transition region, the depolarization appears Tat
< ~500 K. This demonstrates an increase of the magnetic cor-
= 15 00 2 relation length and the magnetization inside magnetic inho-
& 83 mogeneities. According to the previous discussion the neu-
= 101 0.02 fé tron depolarization can be attributed to the appearance of

s| Fe N loor & magnetic inhomogeneities with~10°—10° G and a size of

65 ' about 16—-10* nm.
o) I o As was discussed above, the signa|i®|) scales with
. , \2. A different sensitivity of this method for a different
400 450 500 550 wavelength is clearly seen in Fig(eé3. For A =0.124 nm the

T (K) magnetic inhomogeneities dt>480 K are too small and
therefore invisible. AtT<<480 K they are rather large and
FIG. 2. The temperature dependence of the measured and ﬁtt%rtially depolarize the neutron beam. For0.92 nm the
rotation angle¢ with the corresponding distribution function of neutron beam is fully depolarized far<480 K and there-
Te. fore the information on the magnetic inhomogeneities is lost.
The polarizatior{ P/Py| changes drastically from 0 to 0.9 in
Figure 2 shows the experimental data of the rotation angle ithe temperature range from 480 K to 500 K showing the
an applied magnetic field of 50 @losed squargsand the fit  presence of the magnetic inhomogeneities at this temperature
to Eq. (2) (solid line). The experimental data af(T) were  range.
fitted by Eq.(2) using the least-squares method. We find The temperature dependence of the polarizati®fP,)|
(Tc)=485+0.5 K, ATc=1250.2 K, and A=0.87 may be also interpreted in terms of a Gaussian distribution in
+0.02 T. Tc. In analogy with Eq.(2) the polarization can be ex-
The temperature dependence of the polarization of th@ressed as
transmitted beartP/P| is shown in Fig. 8) for H=0 at a

wavelengthh =0.124 nm and 0.92 nm. AI> T the polar- %
|P<T)/Pol=exp( —CLRy(T) L p(Te)BAT, To)dTe|.
1.0- . ®)
& 5 To obtain the value of the siZ@y from the neutron depolar-
0.8 g ) ization data we take fop(T) andB(T,T¢) parameters de-
0.6 f § a | rived from the fit of ¢(T). Figure 3b) shows the derived
g: ‘ ﬁ? § temperature dependenceRf. The combined data taken at
& 4. &F‘E 9 | different values of the neutron wavelength used to cover the
' 9 large range of the depolarizing magnetic inhomogeneities
02 %ﬁﬁiﬁ%m o | from Ry~60 nm to 2< 10° nm. As seen from Fig.(@®), the
' ¢ © A=0124nm characteristic size of magnetic inhomogeneities grows with
5 o A=092nm : ;
0.0 . . . . decreasing temperature in the range frém 500 K to 450
350 400 450 500 550 600 K. The sizeR, stays almost constant beloli=450 K. This
T(K) plot may be interpreted as a formation of domains with a

" ' ' ' stable size of the order of 1—2m below 450 K. The drastic

b change in the size as a functionDfs related to a change in
the magnetic clusters at the magnetic phase transition. We

find that atT~(T) the correlation length of th&. varia-

§ tions amounts tdR4(Tc)~300 nm.
~ ; D. Thermal-expansion measurement
o R.(A=0.1241m) It is well known that the iron-nickel alloys were named
d ' invars after the discovery of its anomalously small value of
0o R,(=0.92nm) the thermal-expansion coefficient in a wide temperature
10350 ' 4(')0 ' 450 ' 5(')0 ' 550 ' 600 range. The correlation between spin and lattice systems had
T(K) been established by a simple observation of the coincidence
of the Curie temperature and the temperature where an un-

FIG. 3. The temperature dependence of the neutron depolarizaisual invar behavior starts to reveal itself. To investigate the
tion |P/P,| at different values of the wavelength=0.124 nm and  invar properties of the sample we performed the TE mea-
A=0.92 nm(a) and the average size of the magnetic inhomogenesurements of the relative length of the sampM_(L) as a
ities Ry (0). function of the temperaturgFig. 4(a)]. The TE measure-
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' ' ' systems are coupled not only in the ferromagnetic phase be-
0.04+ low T¢ but also in the paramagnetic phase abdyeinside
0.03- the magnetic critical region.

< 0.02
lll. CRITICAL SCATTERING OF POLARIZED
0.011 NEUTRONS
A. Method and experiment
0.00
, : : Small-angle neutron scattering is a powerful tool to inves-
300 400 500 600 700 tigate the critical phenomena in ferromagnets. In general, the
T (K) scattering cross section for polarized neutrons consists of
four terms: nucleatry, magnetico), , nuclear-magnetic in-
20 . . . terferencer, , and chiralocy terms?24The first two terms

do not depend on the incident polarizatiBg while the last
two are proportional to it. The nuclear-magnetic interference
scatteringo, gives a symmetric scattering pattern with re-
spect to the momentum transferrgd The last termocy
gives rise to the appearance of the left-right asymmetry in
scattering, being related to either static or dynnubirality

of the magnetic structure. The three magnetic contributions
to the scattering ¢y, o, andocy) may be distinguished

L' dLAdT) (10° K
S

e
wn
i

o

0.0 1 and studied in the experiments with polarized neutrons.
300 400 500 600 700 In the critical range near the magnetic phase transitign
T (K) is 7 independent and therefore it can be separated from the

magnetic scattering, . In a case when the nuclear density
FIG. 4. The temperature dependence of the relative length of thBuctuations exist and correlate to the magnetic fluctuations,
sample AL/L) (@ and the thermal-expansion coefficiemt  the nuclear-magnetic interference contributigroccurs. Be-
=(1L)(dL/dT) (b). cause the ferromagnets have no static helicoiddiral)
structure, the last terracy arises in presence of a magnetic
field as a dynamical contribution, giving the unique possibil-

ments were performed on a commercialhB205 dilatom- | e X
P ity to study the critical dynamics of the ferromagn&ts'3In

eter. The thermal-expansion coefficient (1/L)(dL/dT) is . . A .
shown in the same pictut@ig. 4b)]. In order to illustrate & system with a Gaussian distribution of the local Curie tem-

the temperature range, where the invar transition occurs, weerature, the scattering from spin waves may be significant

make a simple linear extrapolation of the relative length€/€N around the critical temperature. Although the spin
changeAL/L from the high- and from the low-temperature W&V€S are not well defined dt~Tc, the spin-wave contri-
ranges[see Fig. 4)]. This rough extrapolation gives the butl_on in the chiral dyr_wamlcal_cha_mnel should be accounted
crossover temperature &it=483+ 2 K. This crossover tem- for in Refs. 14-16. 1lh|s contribution vanishes when the ap-
perature is in good agreement with the Curie temperature dilied magnetic fieldH is parallel or perpendicular to the
Tc=485 K obtained by the three-dimensional neutron depoincident beank. It is unequal to zero only when the mag-
larization measurements. The thermal-expansion coefficientetic field is inclined to the beam, so-called inclined geom-
a exhibits drastic changes in the temperature range ffom etry, having its maximum at the inclination angte=45°. A
~470 to 530 K. BelowT=470 K the value ofx decreases detailed description of the SAPNS in inclined geometry for
smoothly and it nearly vanishes at room temperature. Althe scattering on the critical fluctuations and on the spin
though such a behavior of the thermal-expansion coefficienvaves is given in the Appendix.

is in agreement with the textbooksee, for example, Ref. The SANS experiments on the same sample, as described
22), it is interesting to find a correspondence betweenin Sec. I, were carried out at the SANS-2 scattering facility
changes of the spin and lattice systems of invar igarThe  of the FRG-1 research reactor in GeesthgGdrmany. The
appearance of the magnetic phase is described by the prosehematic outline of the experiment is given in Fig. 5. A
ability function centered aff =485 K with half-width of beam of polarized neutrons with the initial polarizatiBg
12.5 K. Thus the lower boundary of the magnetic transition=0.9, wavelengthx=0.56 nm @X/A=0.1), and diver-

T, =485-12.5=470 K coincides with that of the change®f gence 1.5 mrad was used. The scattered neutrons were de-
[Fig. 4(b)]. However, the upper boundary of the transitiontected with a position-sensitive detector with 22B28 pix-
Tup=485+12.5~500 K is 30 K lower than the temperature els within the range ¥10 2<q<7x10"!nm ! The
where a drop inx starts[Fig. 4(b)]. The change inv in the  scattering was measured in the temperature range ffom
temperature range from 500 to 530 K may be only attributed=450 K to T=600 K. The external magnetic field of 7—70
to the appearance of the critical fluctuations of the magnetimT was applied parallel to the sample long axis at an angle
zation. Therefore we should conclude that the spin and latticef ¢=45°, with respect to the incident beam. The adiabatic
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FIG. 5. The schematic outline of SAPNS experiment in the in- 00 0l 02 _10'3 04 03
clined geometry: P is the polarizer, F the spin flipper, S the sample q(om )
position, and D the two-dimensional position-sensitive detector. The s
rnagnenc fleld1—|.|s inclined at anglep=45° with respect to the o T=513K b
incident beank; in the (xz) plane. o T=503K P
A T=493K
condition for the transmission of polarized neutrons was suf- 107 ; T=483K 1

ficiently satisfied to obey the relatidpy||H.

The SANS experiment in a lower magnetic field of 1 G
was performed on the multi-detector small-angle polarized-
neutron scattering setup Vector at the WWR-M reactor in St. " g
Petersburg Nuclear Physics Institute. The temperature depen-
dence of SANS intensity in the momentum-transfer range of
3x10 ?2=q=<3x10" ' nm ! was measured around the
transition with a temperature step of 1 K.

The method of the inclined geometry allows one to dis-
tinguish three contributions to the scattering. First, we sepa-
rated the magnetic critical scattering from the nonmagneti
contribution. Following the standard procedure we determine

the pure ma_gnetlc scattering t_)y subtracting from the rneaéeparate this term from the asymmetric one, we take the
sured intensity the nonmagnetic background 2T, i.e.,

o difference of the measured intensitié$(q) and average it
Im(a, T)=1(q,T)—1(q,600). The polarization-dependent _ .
part of the scattering, i.6.A1(q)=1(Pg,q)—1(—Po.q). over 27 at |q|—\/qX2+qy2. As a consequence, the anti-

consists of two terms. One of them is the symmetric term. Téymmetric part is_ averaged out and the symm_et_ric part only
survives. It is attributed to the nuclear-magnetic interference

o, . The asymmetry in the scattering is connected with the

I " (arb.units)

0.0+
0.00

T T T
0.10 0.15 0.20

q’ (nm )

T
0.05 0.25

FIG. 7. g dependence of the magnetic scattered intergit{a)
ndq® dependence dfr;1 (b) at different temperatures nedg. .

] direction of the magnetic field. In a particular case tof
10' | being in the &2) plane(Fig. 5), the asymmetry is most pro-
] nounced along th& component of the momentum transfer
@ ] g, . Thus the asymmetric contribution was extracted by mak-
‘g ] AAAA%MAAAAAAAM ing the difference of measured intensitiésr Py, +q,):
,.2 100__ % %AMAM 4
CRE o Aly(a)=2[1(Pg.q0) —1(— Po.0y]
: 1 %§ a q 4 O:qx qux
o, B ~i[1(Po. )= 1(=Po,~q)]. (@
1074 o Aiﬂ All three contributions into the scattering are shown as an
A AIS example in Fig. 6 forT=(T¢). Although the symmetric
10_2‘ a poIarizat(;on—deg?lendﬁnt sgattermgs is about two orders of
L L S L magnitude smaller than the pure magnetic scattdringt is
00 01 02 03 04 05 still well distinguishable. The data on this interference scat-
q(nm™) tering nearT. was published elsewhefé.

FIG. 6. Three contributions to the magnetic critical scattering

B. Results: The magnetic scattering

measured &t =(T) as a function ofy: the pure magnetic intensity ] ] o
Im, the antisymmetric polarization-dependent part of the scattering Figure 7a) gives theq dependence of the magnetic inten-
Al,, and the symmetric polarization-dependent part of the scattersity |, at different temperatures. It is well seen that as the

ing Al.

temperature decreases, the magnetic SANS intensity in-
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FIG. 9. The magnetic-field dependence of the correlation length
R. at T=483 K.

As seen in Fig. 8, the magnetic field strongly affects the
correlation lengttR . At the same time parametgf, shows
no field dependence. At a relatively large field of
=700 G the temperature dependenceRpftends to disap-
pear. The strong effect of the field & is more pronounced
as far as the temperature approachigsfrom above in the
range <AT./Tc~0.05, or within the range of th@.
variations. The decrease in the correlation length in a
magnetic field, indicates the enhancement of homogeneity in
the magnetically fluctuating system. It should be noticed that

FIG. 8. The temperature dependence of the magnetic correlatiothe magnetic field of 10-1000 G does not produce any an-

lengthR. at magnetic fields of 1, 70, and 700 (@. The value of
Z,, as a function of the temperatute).

creases dramatically at log/while it has a relatively small

isotropy in the intensity of quasielastic scattering in the plane
of 2D detector. We therefore used an average value of the

intensity at|q|= /g2 + qy2= const.
The effect of the magnetic field on the correlation length

change at higheg values. This demonstrates an appearancey the critical fluctuations can be understood in terms of the

of critical fluctuations with a correlation length of about 10

balance between energy of the magnetic figlcH and that

nm in this temperature range. It is_important to note that theys the critical fluctuationd o(kap)Z, whereZ=5/2 anday is
growth in the intensity saturates with decreasing temperaturg |attice constant of order 0.1 nfRefs. 29 and 30(see also

atT~485 K. The inverse intensitl* is plotted in Fig. Tb)
as a function ofy? in order to verify validity of the Ornstein-
Zernike expression

I —i 5
= 5)

C
wherex .= RC_l is the inverse correlation length. All data sets
show the linear dependence Iqi,{'l on 9.
The temperature dependence of parameigrand K§ has
been obtained from a least-squares fit to the data witH®Eq.

the Appendix. For guH>Tc(kmn-0)a0)? the correlation
length is renormalized as a function of the magnetic field:
k(H)ag=(guH/Tc)Y. The high-field limit is obeyed for
all measured data points @t=483 K. Figure 9 shows the
field dependence of the correlation lengthrat 483 K. A fit
of the data gives Z=2.63-0.07 with ay=0.140
+0.005 nm, which is very close to the theoretical value of
Z=5/2.

The observed renormalization &f(H) indicates that for
g=«c(H) the energy of the critical fluctuationd)
=Tc(knao)®? is determined by the fieldd. While for q

convoluted with the apparatus resolution function with its= «(H) the energy is equal t& .= Tc(qap)>? and the mag-

spread of %10 2 nm™ 1. The correlation length of the criti-
cal fluctuationsR.= « ! at different magnetic fieltH is pre-

sented in Fig. &). First, it increases as temperature de-
creases at >485 K and then becomes almost constant. The
value of Z,,, demonstrates a smooth growth with decreasing

temperature and saturatesTat(T.)= 485 K[Fig. 8b)]. Z,,

netic field should be considered as a weak perturbation.

C. Results: The chiral scattering

In this section we show the data which can be attributed
to the antisymmetric part of the dynamic susceptibility. It is

does not depend on the magnetic field. The correlation lengtivell known that the neutron magnetic scattering is deter-

R, does not appear to get infinitely largeTat T .28 This
may be caused by the resolution effect.

mined by two-spin-correlation function, which is connected
to the imaginary part of the conventional spin susceptibility.
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60 —————————————————— gusH k ,
1 —®—T=453K : Pa=APy=—F— —-sgr()sin 2¢. @)
40_ T ] The expression is valid within the range<k#<q., where
2 201 | g.=a [2E/(Tcka)]?? is the inelastic characteristic mo-
3= mentum for the critical fluctuation. It is about 1.5 nfin
_g ] our case. The remarkable features of this function are the
g5 04 1 following.
:«, 1 (1) It appears qnly when the inclination ang,bebiatween
< .20 . the magnetic fieldd and the incident beam directidnis not
: . equal to 0 orm/2. Its appearance in this inclined geometry
-40 i implies the dynamical nature of the scattering.
(2) The function changes its sign for the positive and
60— : . . . . . negative values of the scattering angle
60 -40 20 0 20 40 60 (3) It does not erend od itself. .
(4) It depends linearly on the value of the applied mag-
0 (mrad) netic fieldH.

(5) It vanishes for the nonpolarized neutroriz,&0).

FIG. 10. Theq dependence of the asymmetric part of the  The expression for the chiral scattering from spin waves
SAPNSAL, for the magnetic field oH=700 G atT=453 and 483 is given agEq. (A12)]

K. The arrows show features attributed to the cutoff arfiglén the
neutron scattering from spin waves. Ten(6)=— r2<S) Po(T/E)(eo/l‘))(ﬁé— 62)~Y25in 2.

8

In zero magnetic field it is a symmetric second-rank tensor ) ) ® )
and the neutron-scattering intensity does not depend on tHdere 6o is the cutoff angle for neutron scattering on spin
neutron polarization. In magnetic field the antisymmetricwaves. We neglect an effect of the magnetic field since
part appears and if the field is along theirection we have (9upH)/E<3X10 *<§;~50x10° in our experiment.
(S,S,)#(S,S,) and the cross section becomes dependent ofhe features of this scattering are as follows:
Po. In weak field this antisymmetric part is proportional to (1) it appears only in inclined geometgy#0,7/2;
the fieldH, and as the Zeeman interaction is a produdtiof ~ (2) it is an odd function of the scattering angle
and the total spinISg it is a three-spin-correlation  (3) itis proportional to the magnetizatiqi$); and
function*?* At T<T for unidomain sample instead &f (4) it vanishes forPo=0. S
we have the total magnetization, and the spin-wave absorp- The expressiofiEq. (8)] may be further simplified in the
tion and excitation are related to the componef8sS,)  approximation of a large, (or small spin-wave stiffness
and(S, S_) of the susceptibility tensor, respectively, where D), which is rather well fulfilled in the vicinity offc . Thus
S.=S*iS, (see also the Appendix for details for (6/6,)%><1 and after normalization on the magnetic scat-

The data below demonstrate how the spin excitations #€fing, where we have assumed gy 6) =A%(k6) 2, we
T~ T transform into spin waves in the ferromagnetic state have
Figure 10 shows the asymmetric polarization-dependent part ]
of the scattering\ | ,. The central part of the picture is shad- Pa(0)=(S)Po(T/E) 8sin 2¢. 9
owed by the beam stop. The shape of the pattkr(6) ) . o
changes with the temperature as shown Tet T and for Figure 11 shows typical examples of the polarization
T~Te. At T<T¢ one can clearly distinguish the feature at Pa(kf) as a function of(a the magnetic field andb) the
9~40-50 mrad. This feature is attributed to the cutoff angld€mperature. As seen from Fig. 11, the slope of the linear

in the neutron scattering from spin waves, which, accordindjependence increases as the temperature depreases. The ex-
to Eq. (A2) is given by 02=0§—gmBH/Dk2 where 6, perimental data forP, at k6>« have been fitted tdP,
. C 1

=E/Dk? and D is the spin-wave stiffness. Ai~Tc, this — Pa+ ake. The parameteP; does not depend on the tem-
cutoff angle becomes hardly distinguishable, showing thaP€rature and is found to be proportional to magnetic field
spin waves become heavily damped. (Fig. 12. Th_e parameterr saturates quickly with the fleld:
To provide a quantitative analysis for the data, it is con-1h€ Saturation valuers decreases as the temperature in-
venient to describe the asymmetric scattering in terms of th§'€@sesFig. 13. The two parameters, describing the func-
“polarization” tion P,, differently depend on the temperature and magnetic
field. Thus, we conclude that the measured valu® pton-
sists of two contributions: scattering from the spin waves in
Pa(6)=Al,(0)/1(6), (6)  the large magnetic inhomogeneities, which align along the
field at lowH, and the scattering from the three-spin critical
wherel ,(6) is the magnetic scattering. The analytical ex-correlations inside the critical region. The part of the func-
pression forP, in case of critical fluctuations is given by tion P, (P%), which is proportional tdH, is attributed to the
[Eq. (A8)] three-spin correlations inside the critical fluctuatidr.
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0.4 T T T 100
= H=700G a
80
0.3_ _/-\
g 60+
A~ 0.2 :;“4()-
20
0.1-
420 450 480 510 540
0.0 . : : T (K)
0.0 0.2 0.4 0.6

FIG. 13. The temperature dependence of the paramgtelhe
solid line is the fit to the datésee texk

bution[ a(k )] to the experimental curve, . Therefore one
may identify « with (S)(T/E). As a result thel dependence

of ag should be the same as f08)T, when averaged over
the spatial distribution of the large-scale inhomogeneities.
The corresponding curve in Fig. 13 shows the function

o

F(T)~TL P(Tc)M(T, Te)dTe,

with parameters fop(T;) taken asTo=485 K andAT.

=20 K. Thus the existence of spin waves is observed in the
temperature rangelc—AT<T<T:+AT., where both
ferromagnetic and paramagnetic regions coexist. It should be
noted that the width of the probability function(Tc) for

this data set is larger than that for the neutron depolarization.
A possible reason for this may be the larger magnetic field of
700 G applied in the former case compared with 50 G in the
latter case.

0.0 0.2 0.4 0.6

FIG. 11. The polarizatiorP,(k6#) in a magnetic field ofH
=70 and 700 G afT=483K (a) and at a temperature of
=453, 483, and 503 K atl=700 G (b).

(7)]. It is also supposed to bé independent, so thakl,
~ 62 as well as the pure magnetic scatterigg-q~ 2 in the
rangeK 6> k. This behavior is in agreement with the prin-  The magnetic-phase transition in the invagdNezs alloy

ciple of the dynamical critical factorization, which is known has been investigated. We have combined the results of
as Poliakov-Kadanoff-Wilson algebtaee the Appendix and small-angle polarized-neutron scattering with both three-
Ref. 17. The expression oP, for the spin waves is not dimensional neutron depolarization and thermal-expansion
proportional to the magnetic field but rather to the magne- measurements. The main results are as follows.

tization(S), which is saturated in a magnetic field of 100 G. (1) It is interesting to combine two different correlation
This behavior is clearly demonstrated by the second contrilengths obtained by ND and SANS methods. A relatively
small length scalér; (with a Lorentzian shape which is
studied by SANS, is attributed to critical fluctuations. The
ND measurements also show the presence of large-scale in-
homogeneitie®4 with a “squared” Lorentzian shapeFig-

0.12+ = 130 ure 14 demonstrates the real coexistence of two characteristic
g length scales in the temperature region around the ferromag-

IV. CONCLUDING REMARKS

0.16 T T r 40

0.08

0.04+

0.00

0

FIG. 12. The magnetic-field dependenceRﬁfand a.

200

400
H(G)

600

0
800

netic transition temperaturg: . Only the limitations of two
different methods do not allow one to observe them both
simultaneously in one method. SANS is restricted at low
values ofg by resolution at 0.01 nimt, therefore, it is insen-
sitive for a relatively large inhomogeneity, while the neutron
depolarization method is restricted by the sensitivity for a
relatively small magnetic inhomogeneity, which is strongly
connected with the neutron wavelength. It is also worthwhile
to note that the ND method is practically insensitive to the
critical fluctuations with a Lorentzian shape.
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10° . T T function was deduced with their amplitude and the correla-
EIEEE s R tion lengthR.(T,H). T variations on correlation lengtR,
T o R of the critical fluctuations lead to the fact thBt does not
¢ appear infinitely large at =T.. The lengthR. is assumed
| % ) not to be unique and is averaged over Thevariations, so
10 %@ that one can estimate a maximum valudRgf-ar, ", where
70=ATc/(T¢). In spite of the fact that the phase transition
= is smeared byl variations, the crossover to the strong-field
= regime in the critical temperature range is observed. Thus the
104 s E temperature dependence Rf tends to disappear in a large
T field limit. The correlation length is suppressed by the mag-
[ netic field as R.(H)=ag(guH/Tc)Y¥ with a,=0.140
. . . +0.005 nm andZ=2.63+0.07, which is very close to the
460 480 300 520 340 theoretical value oZ=5/2.
T(K) (5) Another part of the critical scattering was investigated
by extracting the asymmetric part of the polarization-
dependent scattering. This scattering appears only in inclined
geometry and implies the dynamic@hiral) nature of the
scattering. We distinguish two contributions in the asymmet-
ric scattering, which stem from the spin waves in the large
(2) To interpret the neutron depolarization data we intro-magnetic inhomogeneities and from the three-spin correla-
duce a spatial variation in the Curie temperatligg which  tions in the critical fluctuations. The picture of the critical
fluctuates around an average val(i€c).” The local Tc  dynamical(chiral) scattering can be understood within the
variations are described by a standard deviation of the trarframework of our model off - variations.
sition temperaturd T and by the characteristic correlation
length Ry~Ry4({T¢)). The deduced parameters af€c)
=485+0.5 K, ATc=12.5+0.2 K, andRy=3x 10> A. The
important point of the description proposed above concerns We thank N. Geerlofs for performing the thermal-
the strength of the applied magnetic field, which is able toexpansion measurements. The PNPI-team acknowledges
reveal the average magnetization of the sample. A weaksKSS for their hospitality. Russian authors thank for partial
magnetic field must be held in order to probe large-scalsupport RFBR(Grant Nos. 03-02-17340, 01-02-17286, and
inhomogeneities. Intuitively the condition is the following: 04-02-16342, SS-1671.2003.Z5rant Goscontract Contract
the applied magnetic field is sufficiently strong to move theNo. 40.012.1.1.1149, and Russian state programs “Collec-
domain walls inside the ferromagnetic regions, but is weakive and Quantum Effects in Condensed Matter,” “Quantum
in comparison with the anisotropy fieldw(S)<gu,H Macrophysics,” and “Neutron Research of Solids.”
<K). Herewy is the energy of dipole interactidi®.1 me\j
for this system and is anisotropy constant. For the critical  AppENDIX: SAPNS IN THE “INCLINED” GEOMETRY
range this condition is sufficiently fulfilled for the field
strength of 50—100 G. It is also important that the field does In the case of a disordered system with fluctuations
not create new magnetic inhomogeneities in this system witWith a spread ofAT¢ around an average valydc), both
large magnetostriction and a strong spin-lattice coupling. paramagnetic and ferromagnetic regions coexist within the
(3) The strong magnetoelastic coupling may result in thetemperature rangdc—ATc<T<Tc+AT¢. In the para-
appearance of superparamagnetic regions afd@vewhich magnetic regions we have critical fluctuations, which are de-
are then transformed into the ferromagnetic clustersscribed by the dynamical scaling. In the ferromagnetic re-
inhomogeneities. The measured changes in the sample leng@ions one should consider the spin-wave excitations. We
near the transition were interpreted in accordance with th@resent below the theoretical description of the polarized-
concept of this variation iffc . Although the parameters for neutron scattering for both parts following Refs. 13 and 25.
the distribution inT. obtained from the TE measurements  The dynamical chiral scattering appears if the system is
are close to those derived from the ND measurements, the§ither in an external magnetic field or has a spontaneous
cannot be explained within the range B variations and Mmagnetization. In the former case of a weak magnetic field it
requires the presence of critical fluctuations. Therefore, wés described by three-spin-correlation function. In the latter
conclude that the magnetic expansion of the sample, resul€ase it is scattering caused by spin waves. For the small-
ing in the invar behavior, occurs also aboVg inside the ~angle scattering the chiral cross section has the following

Correlation length R (nm)

FIG. 14. The combined plot of the correlation lengkysfor the
critical fluctuations andR, for the T variations as a function of the
temperature.

ACKNOWLEDGMENTS

critical fluctuations. form:1325
(4) The SAPNS measurements were performed in a mag- o
netic fieldH using a special inclined geometri (s inclined oen(q,0)=(2rPyT/mw)(q-h)% Im C(q,w), (A1)

to the wave vectok). Two contributions to the critical scat- R R
tering were studied at different magnetic field®-1000 G  whereh andq are unit vectors along magnetic fielttl and
for temperatures arount.. First, the pair spin-correlation momentum transfel, respectively, andw is the energy
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transfer. In this expression we have taken into account that The dynamical chirality is the three-spin-correlation func-
both the dynamical chiralitfC(q,») and the neutron polar- tion and it may be considered as a result of the scattering of
ization P, are directed along the field, ar@=hC. the critical fluctuation on the uniform magnetic fiéfiErom

In our experimental device we integrate over all energieghis point of view it is clear that reall(q) is a function of
of the scattering neutrons. According to Refs. 13 and 25 théwo momentag and a momentum of the fiefg;=0. In Ref.
Im C(q,w) is an even function ofv and therefore the inte- 17 was formulated a principle of critical factorization, which
grated chiral cross section should be zero, if there is nés known as Polyakov-Kadanoff-Wilson Operator algebra. It
w-odd term in the factorf{- q)2 [see Eq(A1)]. Suchw-odd  States that in any multispin-correlation function the depen-
term appears if the magnetic fieltl is inclined with respect dence on the largest momentun{q> «) appears as a factor
to the incident beam at the angle(Fig. 5. As q,=k# and (/<) > ®[w/Q(q)]. In our case, putting~2/3 we get
g,=kw/(2E), wherek and E are the incident neutron mo-

mentum and the incident energy, respectively, we have ©

H
IMC(q,w)= ke @

_(2E(9)2 coS ¢+ w? sir? ¢+ 2Efw sin 2¢ Te(qa) A ka)
(2E )%+ w? '

. (AB)

(g-h)?

(A2) I this expression we havg=Kk[ 9+ (w/2E)?]"% The de-
pendence off on w may be neglected in quasielastic case,
Here the third term isv-odd and thew-integrated chiral when the time, which neutron spends in the space region of

cross section is given by the order of 1¢, is much less than the characteristic time of
the fluctuation with the same sizg()(q). The correspond-
T (» dw2EOIMC(q,w) ing condition has the form
oen(0)=2r2Py— S Sin2¢. (A3)
T)-w (2E0)*+ 0 g<qn=a (2E/TKka)?s (A7)

‘This integral can be evaluated in two limiting casél:  |n this case we can replaggby k9 and negleciw in the
critical paramagnetic region and) spin-wave region below denominator of Eq(A3). As a result the ratio of the chiral

Tc. cross section to the conventional one, E&g), is given by
(a) Critical paramagnetic regionlt is defined by the fol-

lowing conditions:T>T, andg> «, wherex is the inverse oen(0) gugH k

correlation length of the critical fluctuations defined as =AP, —sgn 6)sin 2¢ (A8)
. a(0) E «

=r7"/a, where 7=|T—T.|/T. is a reduced temperature,

~2/3 is the critical exponent of the correlation length, @d HereA is a constant of the order of unity. Experimentally this
is of the order of the lattice spacing. expression was confirmed for critical scattering in ifon.

In the scaling theory of phase transitions all physical vari- () Spin-wave regionThe chiral vectorC(g, ) deter-
general form of the corresponding correlation function. For

example, the two-spin-correlation function has the form XaB:XEy%_ieaﬁycyl (A9)
G(q) = 1 9] z (Ad) where ') is the symmetric part of the susceptibility and
g (ka)2™ 7 \ k|  a%(q?+«?)’ €,5y IS the antisymmetric unit pseudotensor. Then using

standard spin-wave thedfyand taking into account that

where the right-hand Ornstein-Zernicke expression holds igpins are aligned against magnetization we get
7n<1l, as it is the case#<0.1), and we will neglecty
below. Im C(q,w)=—(7(S)2)[ S(w—€q) + dw+€g)],

For the magnetic field we have the condition that (A10)
gugH/T.(ka)%?=f is a dimensionless number. 11 the
field is weak. Forf>1 we have the strong-field regime and where (S)>0 is the average lattice spin ang=gugH
get k=(gugH/T.)?> i.e., k becomesr independent. +Dgq? is the spin-wave energy. Substituting this expression

In a weak field the chiral scattering has to be proportionainto Eq.(A3) we obtain after some calculations
to H. So its scaling dimensionality is determined by the
productG(q)f and we get

(6)=r¥(S)sin 2Py "
ag =—Tr Sin =
gueH 14 - FTOE (65— 6*—gu,H/DK?)M?
ImC(q,w) = a2F| o ol (AS5)
TC(Ka) K (q) 03_(gl.th/2Dk2)

X , All
where Q(q)=T.(qa)%? is the characteristic energy of the 626+ (gupH/2DK?)? (A1)
critical fluctuations with momentung, which is valid for
ferromagnets in the exchange approximafior where §,=E/Dk?. At H=0 we get
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Te(0)=—TX(SPHTIE)( 6/ 0)( 65— /) ?sin2¢.  (A12) o
o(0)=3r*S)(TI2E) — 5
6°+ (gugH/Dk?)
For a complete analysis we need also the expression for 1
the conventional spin-wave cross section. We give itgor X—— T (A13)
=45° only. In this case we have [ 05— 60— (gugH/Dk?)]
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