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Paramagnetic spin fluctuations in an Fe65Ni35 Invar alloy
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Polarized neutron scattering experiments have been performed on an Fe65Ni35 Invar alloy in the
paramagnetic phase at T = 1.25 T, . Constant- q spectra were fitted to simple Lorentzian functions
and the q-dependence of the half-width I" was found to agree with that of the spin-diffusion model
in the measured q range (0. 1 A ' &q &0.9A '). The amplitude of the spin fluctuation can be well

described by the localized model with parameters which are deduced from the measured spin-wave
dispersion at low temperature, the magnetization, and the uniform susceptibility. The model can be
also applied satisfactorily to other itinerant metals such as Fe and Ni.

INTRODUCTION

The paramagnetic spin fluctuations in itinerant electron
systems are still far from being well understood and have
therefore been investigated extensively by neutron scatter-
ing techniques. As a typical example of an itinerant spin
system, MnSi was studied in detail by Ishikawa et al.
The results are in agreement with the self-consistent re-
normalization theory proposed by Moriya and co-
workers. Qn the other hand, in localized spin systems,
detailed experiments on PdzMnSn were performed and
the paramagnetic behavior over a wide temperature range
could be understood rather well on the basis of the
Heisenberg model with long-range interactions. Gd (Ref.
4) EuO (Refs. 5 and 6) and EuS (Ref. 7) were also studied
as typical candidates for localized spin systems.

Fe and Ni, which are metals of particular interest in the
field of magnetism, are intermediate cases for the moment
localization and their magnetic properties are yet to be
fully understood. Although paramagnetic scattering has
been thoroughly studied, it is quite difficult to get suffi-
cient information about the spin fluctuations in Fe (Refs.
g—10) and Ni (Refs. 11—14) because the scattering inten-
sities extend to high-energy transfers, making it very diffi-
cult to obtain accurate intensity data. Recently, Brown
et al. ' and Shirane et al. ' observed the paramagnetic
scattering of Fe out to the Brillouin-zone boundary where
it was found that the scattering cross section is confined
to energies below approximately 60 meV.

Fe65Ni35 Invar alloy is considered to also be an inter-
mediate case' between the localized and itinerant limits.
FeNi alloy around this composition exhibits a substantial
decrease of the thermal-expansion coefficient below the
Curie temperature. ' This is called the Invar effect and is
the result of the compensation of the normal thermal ex-
pansion with the large magnetovolume effect associated
with the variation of the amplitude of the local magnetic

moment. The spin-wave energies' and the Curie tem-
perature also decrease around this composition. There-
fore, the neutron scattering intensities from the paramag-
netic spin fluctuations are expected to be found in the
low-energy region, which makes the measurement less dif-
ficult. In order to obtain detailed information for
Fe65Ni35 in the paramagnetic region, a neutron scattering
experiment has been performed above the Curie tempera-
ture using the polarized-beam technique. ' The pioneer-
ing work of the paramagnetic scattering from the FeNi
Invar alloy was made by Collins more than 20 years ago
using the time-of-flight method. The results were
analyzed on the basis of the model of an ideal paramag-
net. This model is too simple to give a correct description
of the paramagnetism unless the temperature is far above
the Curie temperature.

The present measurements were initiated partly because
we expected to observe some anomalous properties of the
paramagnetic scattering due to the Invar effect. We end-
ed, however, with results which can be interpreted in
terms of X(q) based on the localized model.

EXPERIMENTAL RESULTS

The neutron scattering experiments were performed on
a polarized-beam triple-axis spectrometer at the High
Flux Beam Reactor at Brookhaven National Laboratory.
CuqMnA1(111) crystals were used both as a monochroma-
tor and analyzer. The constant-q data were mainly taken
with a fixed final energy of Ef ——30.5 meV although some
of the data were taken with Ef ——40 and 60 meV. The
horizontal collimation was 40'-80'-80'-80'. The rneasure-
ments were made along the [111] and [100] directions
mainly around the (111) reciprocal lattice point. The
paramagnetic scattering intensities were deduced by tak-
ing the intensity difference between the measurements
mode with a horizontal field (HF) and a vertical field
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(VF) present at the sample site with a spin flipper on. The
single-crystal sample (-6 cm in volume) was the same as
that used for the spin-wave measurements. ' The sample
was mounted in a furnace and heated to 684 K, which is
136 K higher than the Curie temperature. Below this
temperature, the beam was depolarized, probably due to
surface inhomogeneities. Therefore, the half-width I was
not observable at T= T, .

The scattering function S(q, co) above the Curie tem-
perature can be expressed" in general as

fur/'ks T
S(q, co) =2k&TX(q)
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where 7 is the susceptibility. The amplitude of the spin
fluctuation (M(q) ) is given by the integration of Eq. (1)
over energy,

(M(q) ) =6f S(q, co)dc@ . (2)

Examples of typical constant-q scans along the [111]
direction are shown in Fig. 1. The solid lines in the figure
are the result of fitting the data with the expression given
by Eq. (1) after being convoluted with the resolution func-
tion. The experimental results are reproduced satisfactori-
ly. Figure 2 presents the half-width I from Eq. (1) ob-
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FIG. 2. The half-width I plotted against q for the [111]and
[100] directions. The dashed line is a fit with I =Aq2 (A=41
meV A ). The dotted line represents I =/If(~, /q)q'/ with
A =146 meV q ~'.
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tained by this procedure. The q dependence of I is iso-
tropic with respect to the wave vectors in the [111]and
[100] directions and can be written as I =Aq with
A=41 meV A as illustrated by the dashed line in Fig. 2.
Dynamical scaling theory predicts ' the form
I =Aq f(~, /q) for the width. The dotted line in the
figure represents this function with 3 = 146 meV A
This prediction clearly deviates from the experimental re-
sults for q & 0.3 A

(M(q) ) in units of pz was obtained from the mea-
sured constant q spectrum using the relationship
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( M(0) ) =3k' TX(0), (4)

where I(q) is the integrated intensity of the constant-q
measurement with respect to the energy transfer and is
given in units of barns. f ( Q) is the magnetic form factor.
The absolute value of I (q) was determined by comparing
the magnetic intensities with the integrated scattered in-
tensities of several phonons the absolute values of which
could be calculated. f ( Q) of the FeNi Invar alloy deter-
mined by Ito et al. was used in the present analysis.
(M(q) ) for the [111]and [100] directions thus obtained
are shown in Fig. 3. They are isotropic in the measured q
range. The width of the half maximum of (M(q) ) in
this figure gives the inverse correlation length ~& ——0.24
A '. (M(0) ) can be expressed as

FIG. 1. Constant-q scattering data at T=1.2ST, obtained
using the horizontal field (HF) —vertical field (VF) technique.
Solid lines are the results of fitting of Eq. (1) convoluted with
the resolution function. 10M corresponds approximately 10 min
counting time at %co=0. Reduced wave vector g is given in

0
units of 2m. /d =3.04 A ', where d is the plane distance for the
[111]direction.

where X(0) is the uniform susceptibility. Small pieces
were sliced from the top and the bottom part of the crys-
tal used for the neutron measurements and the susceptibil-
ity was measured at 684 K using a Faraday balance.
Combining Eq. (4) with the value of X(0) allows one to
determine the value of (M(0) ) shown in Fig. 3. The er-
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FICx. 3. The amplitude of the spin fluctuation (M(q)') de-
fined by Eq. (2). qzB is the value of q at the Brillouin zone
boundary. (M(0) ) is obtained from the static susceptibility.
The dashed line is the calculated curve using Eq. (8) (see the
text). The dot-dash line represents ideal paramagnetic scattering
With Jeff —3.3@~.

fm~ =2S[J(0)—J(q)] .

Therefore, (M(q) ) can be expressed as

(M(q) ) =3k' TX(q)= (M(0)')
ficoq(M(0) )1+
3k~ T(gps ) S

Alternatively, Eqs. (5) or (8) can be derived by using a
molecular field approximation upon assuming a Curie-
Weiss behavior for X(0). This expression has been used
previously in the analysis of localized spin systems such
as Pd2MnSn. For a nonlocalized system such as the FeNi
Invar alloy, Eq. (8) is also applied by using the measured
spin-wave energies, (M(0) ) and the saturation magneti-
zation. The spin-wave dispersion relation has been ob-
tained by Kohgi et al. ' and is expressed as
Rcoz Dq (1———/3q ) with D =143 meV A and @=0.12.
The calculated (M(q) ) is illustrated in Fig. 3 by the
dashed line. Although there is no adjustable parameter in
this calculation, the agreement with experiment is excel-
lent.

The same method of comparison of (M(q) ) can be
also applied to Fe and Ni. The experimental results' '
and the calculations are illustrated in Fig. 4, together with
the result for Pd2MnSn. Solid lines are the calculated
curves obtained by using Eq. (8), which are also in good
agreement with experiments. The parameters used in the

ror bar corresponds to the difference in the susceptibilities
obtained for the two slices. This difference may be caused
by the inhomogeneity of the alloy concentration. The
horizontal dot-dash line represents ideal paramagnetic
scattering with an effective magnetic moment p,~~

——3.3pz
(Ref. 17).
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DISCUSSION

One of the purposes of this study was to detect signa-
tures which are directly related to the Invar effect. Un-
fortunately, we were unable to find any properties, either
in the dynamics or statics, which can unambiguously be
related to the Invar properties of Fe65Ni35 We believe,
however, that this study provides important information
concerning the paramagnetic scattering in itinerant spin
systems.

X(q) or (M(q) ) can be calculated within the frame-
work of the localized model. Using the spherical approxi-
mation or Green's function method, one can express
X(q) for the ferromagnet in the paratnagnetic region as
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where ficoq is the spin-wave energy at low temperatures
given as
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FICx. 4. (M(q) )/(M(0) ) of Pd2MnSn, Fe, and Ni. Solid
lines are the calculated results with Eq. (8) (see the text). In
Pd2MnSn, the observation at the largest q value corresponds to
that of 80%%uo to the zone boundary.
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TABLE I. Parameters for the calculation in Eq. (8) obtained from measurements of the spin-wave

dispersion, susceptibility, and saturation magnetization. Spin-wave measurements of Refs. 32 and 33
were made at room temperature while the measurements of the FeNi Invar alloy (Ref. 18) were made at
4.2 K. D and P of Fe (3.5%%uo Si) are the estimated values from Ref. 32.

Ace~ =Dq'(1 —Pq')
D (meV) A~ (M(0)') Ps

Fe6sNi35
Fe (3.5% Si)
Ni

143
270
400

0. 12 (Ref. 18)
0.7 (Ref. 32)
0 (Ref. 33)

84
55 (Ref. 10)
15.5 (Ref. 12)

0.91
1.11
0.3

calculations are listed in Table I. Thus, Eq. (8), which is
based on the localized model, describes very well the
behavior of (M(q) ), not only in localized spin systems,
but in itinerant spin systems. Therefore, we conjecture
that the spin fluctuations above T, in both localized and
itinerant spin systems are predominantly controlled by the
exchange interactions, the magnetic moment, and the uni-
form susceptibility. It should be noted, however, that in a
localized spin system such as Pd2MnSn, Eq. (8) can be
calculated for q out to the zone boundary and the result
compares favorably with experiments as shown in Fig. 4.
On the other hand, in the Fe, Ni, and FeNi Invar alloy,
such a calculation can be applied only for q's less than
half-way to the zone boundary, since a well-defined spin
wave can be observed only in this q range. Recently,
Mook and Paul measured the spin-wave dispersion in Ni
over much of the Brillouin zone. The spin wave in the
large q region is of a greatly reduced intensity and very
damped. Hence, the concept of a "spin wave" at large q
in the itinerant spin system may be rather different from
that in the localized spin system. Therefore, we speculate
that the characteristic properties of the paramagnetic spin
fluctuations in the itinerant spin system may appear at
large q.

The q dependence of I was found to agree with that of
the spin diffusion model I =Aq in a rather wide q range,
as has been shown in Fig. 2. Initially, we considered this
hypothetical formula as a convenient method of parame-
trization. Recently, a detailed account of the dynamic

properties of the itinerant spin system in the paramagnetic
region has been presented by Takahashi. However, the
spin diffusion behavior of I over a wide q region cannot
be reproduced by this theory. In order to explain this
behavior, it might be useful to take into account the influ-
ence of the impurity scattering of the electrons in the case
of alloys such as FeNi. This was studied by Fulde and
Luther who showed that the spin diffusion behavior
holds over a wide q range if the mean free path of the
electrons is very small. The theory was extended by
Fukuyama ' with the use of a coherent potential approxi-
mation. Further experiments on dynamic behavior for
other alloy systems are expected to shed more light on this
important question.
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