Critical scattering of neutrons in Invar iron-nickel alloys
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A study was made of small-angle neutron scattering in iron-nickel alloys with 50, 60, 63, 65, 68, and 70
at. % Fe. The measurements were carried out in a wide temperature range of 80-1000°K. The elastic and
inelastic contributions to the scattering were separated by a magnetic field applied at right-angles and
parallel to the scattering vector. The temperature range of critical scattering increased with iron content.
The theory of critical scattering of neutrons was used to calculate dimensions of regions of longitudinal and
transverse spin correlation which were similar (9-12 A) for the Invar alloys and depended weakly on
temperature. The temperature dependences of the longitudinal and transverse components of the magnetic
susceptibility tensor were determined. The anomalous critical scattering in Invar alloys was found to be
associated with a spatially inhomogeneous magnetic structure resulting from the existence of a mixed

exchange interaction between atoms.

PACS numbers: 75.25.+z

Magnetic critical scattering of neutrons, due to the
appearance of spontaneous magnetization fluctuations
near the Curie point, has been investigated thoroughly
in iron, =31 nickel, "% and cobalt. "’ The most care-
ful measurements were carried out on nickel using po-
larized neutrons. '®? Critical scattering has been in-
vestigated less thoroughly for alloys. However, accord-
ing to the available data, ® random fluctuations of
atoms in the immediate environment of a selected site
result in the “smearing” of the second-order phase
transition along the temperature scale so that the criti-
cal scattering range is wider than in the case of pure
metals. This effect is even more important in alloys
with a mixed exchange interaction. In this case, the
critical scattering may be observed at temperatures
well below the Curie point because of the existence of
magnetization fluctuations resulting from the antifer-
romagnetic interaction between individual atoms in an
alloy.

A classical example is the system of iron-nickel al-
loys for which different signs of the exchange integrals
(Ixing >0, Jreny >0, and Jper,<0) have been demon-
strated experimentally. %7 The small-angle scatter-
ing of neutrons in these alloys was investigated for the
first time at low temperatures (100 °K) inf*!? and it
was concluded that a spatially inhomogeneous magnetic
.structure is present in the ground state of Invar alloys.
The influence of temperature was estimated by mea-
suring the small-angle scattering at 293 and 393 °K, 13!
Similar effects were then also observed by other au-
thors. 4161 However, the critical scattering of neu-
trons near the Curie point was investigated only in!"
in a crystal of just one alloy 65Fe—35Ni.

The absence of a full and systematic study of the
critical scattering in iron-nickel alloys in a wide range
of compositions and temperatures has been an obstacle
in gaining a clear understanding of the role of the anti-
ferromagnetic and temperature contributions to the
total small-angle neutron scattering. Our aim to fill
this gap by a careful study of small-angle scattering in
iron-nickel alloys in the Invar region near the Curie
temperature and well below it. An important feature
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of our investigation was the separation of the elastic and
inelastic neutron scattering by applying magnetic fields
of suitable direction relative to the scattering vector.

EXPERIMENTAL METHOD

The small-angle neutron scattering was investigated
in iron-nickel alloys mainly in the range of composi-
tions in which the average magnetic moment deviated
from the mixing law. Alloys with 50, 60, 63, 65, 68,
and 70 at.% Fe in nickel were prepared by vacuum fusion
from pure components, After prolonged homogenization
(~ 100 h) at 1100°C, the samples were quenched in wa-
ter so as to obtain the most disordered state, Accord-
ing to x-ray structure analysis, all the alloys had the
fcc lattice right down to liquid nitrogen temperature.
Only the alloys with 68 and 70 at.% Fe exhibited a mar-
tensitic transition below room temperature.

The small-angle scattering effects were measured
with a diffractometer placed in a horizontal channel of
the IVV-2 reactor, where a monochromatic neutron
beam of 1,13 A wavelength was formed, We studied the
scattering of neutrons transmitted by 20X 20 mm sam-
ples, 2 mm thick., A collimator placed in front of a
sample made it possible to record the minimum scat-
tering angle of 26 =1° 10'. The minimum angle in the
determination of the angular dependences was 26 = 5°.
This range of angles corresponded to 0, 1-0, 5 when ex-
pressed in terms of K=4m " sing. The influence of
temperature was investigated in the range from 80 to
1000°K. The Curie point of the alloys was found to
be located between 300 and 800°K, Very careful mea-
surements of the temperature dependence of the cross
section were made for the angle 26 =1°10".

A sample was placed in a specially built cryostat.
Temperatures below the room value were obtained using
liquid nitrogen and a heater, which stabilized the tem-
perature of a sample to within 1°C. The temperature
was monitored by two copper—constantan thermocouples
bonded to the upper and lower parts of the sample. Be-
fore each measurement, the temperature gradient in the
sample was reduced to a minimum, The critical scat-
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tering was observed in the absence of a magnetic field
and in a field applied at right-angles and parallel to the
scattering vector. The different directions of the field
were produced in a ring electromagnet (H =10 kOe).

The use of this electromagnet extended considerably the
range of potential measurements and made it possible to
study the critical scattering in alloys magnetized in dif-
ferent ways relative to the scattering vector.

The differences between the factors influencing the
background in two positions of the magnet were elimi-
nated by making four measurements of the intensity for
each angle: Iy, Iy and Iy, Iy, from which the differ-
ences [y, and I, were calculated.

All the measured intensities were reduced to cross
sections by a vanadium scatterer. The final values of
do/dQ were corrected for multiple and double magnetic
scattering of neutrons, in accordance with!*®), All the
numerical calculations were carried out on a computer,
It was found that, for the thicknesses of the samples
used in our study, these corrections were small.

EXPERIMENTAL RESULTS

The general qualitative pattern of the critical scat-
tering at the angle 260 =1°10' in the absence of a mag-
netic field is shown in Fig. 1 together with the data for
nickel taken from®!, We can see that the critical scat-
tering in alloys extends over a wider range of tempera-
tures than in pure nickel, As the iron concentration
is increased, this range expands. For example, in the
case of the 50Fe alloy, located in the linear part of
the concentration dependence of the average magnetic
moment per atom u(c), the critical scattering begins
from about 0.77/T,, whereas, in the Invar alloy 65Fe—
35Ni, which exhibits a considerable deviation of 1 from
the mixing law, it exists throughout the investigated
temperature range,

Very similar temperature dependences also apply to
the scattering cross sections (do/df), and (do/dQ),.
However, there are some features which are revealed
most clearly by the difference curves (do/d®),., and
(do/df),.,, plotted in Fig. 2. We can see that (do/dR),.,
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FIG. 1. Qualitative comparison of the temperature depen~
dences of the critical scattering at the angle 20=1°10" (H=0).
The curve for Ni is taken from'4],
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FIG. 2. Temperature dependences of the difference scatter-
ing cross sections obtained for various alloys at the angle 26
=1°10",

has a peak near the Curie point and (do/df),, has an
additional wide maximum whose position shifts toward
lower temperatures with increasing iron concentration.
This is exhibited more clearly by (do/df),, in the third
column in Fig, 2.

The angular dependences of the room-temperature
difference cross sections are plotted in Fig. 3. An in-
crease in the iron concentration results in characteris-
tic angular dependences of (do/dS),., and (do/dS).,.
The former shows a smooth increase with decreasing
scattering angle, whereas the latter has negative val-
ues for large angles, passes through zero, and rises
steeply at small angles. The influence of temperature
on the angular dependences of the difference cross sec-
tions is demonstrated in Fig, 4 for the 65Fe-35Ni In-
var alloy.” We can see that, on approach to the Curie
point (7, =500°K), the gap between the curves de-
creases considerably and in the paramagnetic region
the curves are almost identical., Moreover, there is
a general tendency for the scattering cross sections to
increase on approach to the Curie point and the values
of do/dQ are almost identical at the Curie point and in
the immediate vicinity of this point because the mag-
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netic system becomes insensitive to the direction of the
magnetic field relative to the scattering vector.

A characteristic steep rise exhibited in the small-
angle range by (do/d®),, and a wide maximum in the
temperature dependence of this cross section are due to
the inelastic scattering of neutrons by spin waves. In
fact, experiments reported in'®'!%? establish that the
limiting angles for the inelastic scattering 6, at 0°K
and H=0 are 29, 37,41, and 45', respectively, for the
alloys with 50, 60, 63, and 65 at.% Fe. If we bear in
mind that these angles increase with temperature and
field, the maximum of (do/df),., can be reliably iden-
tified with the temperature range of the existence of
spin waves in iron-nickel alloys. It is clear from Fig,
3 that, in the case of the 50Fe alloy, the spin waves
exist right up to the Curie point, whereas, in alloys of
Invar composition, characterized by considerable mag-
netic inhomogeneities, these waves exist only up to
T/T,~0.7-0.8.

Thus, the inelastic scattering of neutrons is mani-
fested largely by the angular dependences of (do/dS),-.
and this is observed in a fairly narrow range of angles
(up to K=0.1-0.15). The difference cross section (do/
df),., behaves quite differently. Its angular dependences
are free of the inelastic contributions right up to small
values of K. Therefore, this cross section can be used
in the calculation of the transverse and longitudinal
components of the magnetic susceptibility tensor of the
investigated alloys.

DISCUSSION OF RESULTS

The thermodynamic theory of the critical scattering
of neutrons was developed by Krivoglaz.!'®1 According
to this theory, the differential cross section for the
scattering of unpolarized neutrons in cubic crystals in
an arbitrary magnetic field is

do 1+e?

L _ vy, w[
dQ Ifal Yo tags’

1—e.® ], (1)

7 tags’

where C is a constant, V is the volume, f, is the mag-
netic form factor, and e, is the cosine of the angle be-
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tween the scattering vector and the magnetic field. The
longitudinal and transverse components of the magnetic
susceptibility tensor y, and x, are, by definition (for

aq,=0), related in the following way to the parameters
7, and &, of the Van Hove!®” and de Gennes'®!! theories:

wi=1/(kyrs)?y =1/ (kory)?, (2)
where
at T,
Ty =7 T ) (3)

a is the lattice parameter, Z is the number of nearest
neighbors, and k' represents the macroscopic size of
critical fluctuations,

The formula (1) describes the behavior of an ideal
ferromagnet near the Curie temperature but is also
valid well below the Curie point if magnetization fluc-
tuations exist for some reason in a magnetic system,
This situation occurs in alloys''®*%¥) and then the longi-
tudinal component of the magnetic susceptibility tensor
in Eq. (3) becomes dependent on the longitudinal mag-
netization for certain concentrations and in the low-tem-
perature limit it assumes the form of the Marshall
formulaf®? for the cross section of diffuse scattering
of neutrons by spatially inhomogeneous magnetic struc-
tures:

E=cvlfn|2(1—e,2)c(1—c)(‘?M)g. (C)]

o gc
This type of scattering was investigated by us inf1!+12J,

We must consider specially the nature of the small-
angle neutron scattering. The dynamic nature of mag-
netic fluctuations makes the scattering inelastic. How-
ever, since the interaction time of a neutron with mag-
netization fluctuations is still shorter than the relaxa-
tion time of the fluctuations, the scattering is elastic
and only at the Curie point can we regard it as quasi-
elastic, Therefore, all the above formulas apply to the
elastic part of the small-angle scattering. However,
since, at small angles, there is inelastic scattering of
neutrons by spin waves, which is limited to a certain
limiting angle (up to ~1°), in which case the difference
cross section (do/dS?),., is positive, allowance for such
scattering becomes extremely important in studies of
the critical process.

The expression (1) simplifies if a specific direction
of the magnetic field relative to the scattering vector is

selected. 1f T<T, and ag,=0, we have
d
(%) , =2CVETy,, for Hile,
(5)
d
(£)¢= CVET (. tyy), for Hle
In the absence of a field (H=0), we obtain
2
(ﬂ) =—-CVET 2y, +y) for T<T,
o (8)

d
(—‘1) —2CVETy. tae y.=p=x for T>T..
al,

It is usual to determine experimentally the difference
between the scattering patterns of nonmagnetized and
magnetized samples,
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We then obtain from Eqs, (5) and (6):

(d" )o_“= 2 CVRT (=),

dQ 3
do 1
(Z3) =5 v, )
do
(G ) = cvronn.

It follows from the relationships (7) that the elastic
scattering cross sections (do/d®),., and (do/df),, have
opposite signs and differ by a factor of two in magni-
‘tude, It is clear from Figs, 3 and 4 that these condi-
tions are satisfied well at large angles and the inelas-
tic contributions to (do/dQ)y., spoil this pattern only
for K=0,1-0. 15,

Measurements of the absolute cross sections for
various relative orientations of the field and the scat-
tering vector give information on the longitudinal and
transverse components of the magnetic susceptibility
tensor, i.e., on the longitudinal and transverse cor-
relations of the total magnetic moment. The suscepti-
bilities calculated in this way for some alloys are
plotted in Fig, 5. We see that both y, and x, rise in the
same way with temperature but, near the Curie point,
there is a considerable difference between them, In
particular, the amplitude of the maximum of ¥, is high-
er and it is narrower than that of y,. Moreover, when
the iron concentration is increased, the maximum of
x. does not coincide with the Curie point but shifts to
lower temperatures,

Equations (2) and (3) and the susceptibility data can
be used to calculate the dimensions of transverse and
longitudinal spin correlations. These are shown in
Figs, 6 and 7 for the investigated alloys in comparison
with one another and with the results reported for pure
nickel and iron int®), It is clear from Fig, 6 that there
is a considerable difference between the dimensions of
magnetic fluctuations near the Curie point for Fe and
Ni and their alloys. Only the 50Fe~50Ni is closest in
this respect to pure metals, The behavior of the di-
mensions of longitudinal and transverse spin correla-
tions is compared in Fig, 7. It is characteristic that
an increase in the iron concentration in the alloy re-
sults in practically the same increase in &' and k' and,
in the case of the Invar alloy 65Fe—35Ni, the dimen-

7 0.5 Lg 7 2.5 1.0

2
s
FIG. 5. Temperature dependences of the longitudinal x, and
transverse x, components of the magnetic susceptibility tensor
of iron—nickel alloys.
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FIG. 6. Temperature dependences of the dimensions of the

longitudinal spin correlation in iron (®), nickel (+), % and
Fe-Ni alloys.

sions remain almost constant throughout the investi-
gated temperature range and amount to 9-10 A. If the
calculations are made using the cross sections found by
extrapolation to zero scattering angle, the values of

k7l increase to 11-12 A, which are only slightly differ-
ent from the values obtained for the angle 26 =1°10".

It is interesting to note that the radius of inertia of such
inhomogeneities is calculated inf'*! and found to be R
~9A, our opinion, these values are in good agree-
ment with one another,

Another important feature of the %! and £{! curves is
their different behavior in the region of the Curie point:
k! has a definite peak, whereas k! decreases ahead of
the Curie point. The latter behavior is clearly due to
the disappearance of spin waves on approach of the al-
loy to the Curie point.

The weak temperature dependence of the dimensions
of longitudinal and transverse spin correlations in Invar
alloys is evidently due to the presence of a spatially in-
homogeneous magnetic structure, characterized by
magnetization fluctuations in the ground state, due to
the mixed nature of the exchange interaction in these
alloys, Bearing this point in mind, we can regard the
magnetic structure of Invar alloys as collinear ferro-
magnetic with magnetization fluctuations or magnetic
inhomogeneities extending over three or four coordina-
tion spheres, The most probable centers of deviation

1

FIG. 7. Comparison of the tem-
perature dependences of the di-
mensions of longitudinal and trans-
verse spin correlations in Fe—Ni
alloys. The continuous curves
represent k! and the dashed
curves k;l,
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of the magnetic moment of atoms from the spontaneous
magnetization direction are random fluctuations of iron
atoms whose immediate environment has twelve atoms
of the same kind, in accordance with the ideas put for-
ward inf*!2] It is interesting to note that, when the
dimensions of these fluctuations remain constant, the
demagnetization—which increases with temperature—
clearly occurs due to the accumulation of such fluctua-
tions by the capture of new iron atoms acting as fluc-
tuation centers with the immediate environment of less
than 12 iron atoms.

Thus, a mixed exchange interaction in alloys is
manifested by the characteristic features of the critical
scattering of neutrons near the second-order phase
transition temperature, which should be regarded as a
wide temperature range where an inhomogeneous mag-
netic structure loses almost completely its spin order,
The additional influence of the antiferromagnetic inter-
action on the demagnetization of the system results,
in particular, in the anomalous temperature dependence
of the linear expansion coefficient of Invar alloys,

The authors are grateful to Yu. A, Dorofeev and A,
E. Teplykh for their help in the experiments,

ly, Palevsky and D. J. Hughes, Phys. Rev. 92, 202 (1953).

%3, Spooner and B. L. Averbach, Phys. Rev, 142, 291 (1966).

°p. Bally, B. Grabcev, A. M, Lungu, M. Popovici, and M.
Totia, [J. Phys. Chem. Solids 28, 1947 (1967)].

‘p. Cribier, B. Jacrot, and G. Parette, J. Phys. Soc. Jpn.
17, Suppl. B-III, 67 (1962).

8. Jacrot, J. Konstantinovic, G. Parette, and D. Cribier,
Inelastic Scattering of Neutrons (Proc. Third Intern. Sym-
posium, Bombay, 1964), Vol. 2, International Atomic Energy
Agency, Vienna (1965), p. 317.

®G. M. Drabkin, E. I. Zabidarov, Ya. A. Kasman, and A. I.
Okorokov, Zh. Eksp. Teor. Fiz. 56, 478 (1969) [Sov, Phys.~-
JETP 29, 261 (1969)].

D. Bally, M. Popovici, B. Grabcev, and A. M. Lungu, Phys.

89 Sov. Phys.-JETP, Vol. 43, No. 1, January 1976

Lett. A 25, 595 (1967).

8. Z. Valiev, A. V. Doroshenko, S. K. Sidorov, Yu. M.
Nikulin, and S. G. Teploukhov, Fiz. Metal. Metalloved. 8,
993 (1974).

M. Hatherly, K. Hirakawa, R. D. Lowde, J. F. Mallett,
M. W. Stringfellow, and B. H. Torrie, Proc. Phys. Soc.
London 84, 55 (1964).

A, 7. Men’shikov, N. N. Kuz’min, S. K. Sidorov, and Yu.
A. Dorofeev, Fiz. Tverd. Tela (Leningrad) 16, 3347 (1974)
[Sov. Phys.-Solid State 16, 2171 (1975)].

Uy, E. Arkhipov, A. Z. Men’shikov, and S. K. Sidorov,
Pis’ma Zh. Eksp. Teor. Fiz. 12, 356 (1970) [JETP Lett,
12, 243 (1970)].

125, 7. Men’shikov, S. K. Sidorov, and V. E. Arkhipov, Zh.
Eksp. Teor. Fiz. 61, 311 (1971) [Sov. Phys.-JETP 34, 163
(1972)1.

B3y, E. Arkhipov, A. Z. Men’shikov, and S. K. Sidorov Zh.
Eksp. Teor. Fiz. 61, 1501 (1971) [Sov. Phys.~JETP 34, 799
(1972)]. .

4y, 1. Goman’kov, I. M. Puzei, V. N. Sigaev, E. V. Kozis,
and E. I. Mal’tsev, Pis’ma Zh. Eksp. Teor. Fiz. 13, 600
(1971) [JETP Lett. 13, 428 (1971)].

5y, 1. Goman’kov, E. V. Kozis, and E. I. Mal’tsev, Proc.
Intern. Conf. on Magnetism, Moscow, 1973, Vol. 3, VINITI,
Moscow (1974), p. 160.

165, Komura, G. Lippmann, and W, Schmatz, J. Appl. Crys-
tallogr. 7, 233 (1974).

115, Komura, T. Takeda, and S. Ohara, J. Phys. Soc. Jpn.
35, 706 (1973).

185, Z. Men’shikov and S. G. Bogdanov, Kristallografiya 15,
452 (1970) [Sov. Phys.~-Crystallogr. 15, 383 (1970)], S. G.
Bogdanov and A. Z. Men’shikov, Kristallografiya 19, 241
(1974) [Sov. Phys.-Crystallogr. 19, 145 (1974)].

M. A. Krivoglaz, Dokl. Akad. Nauk SSSR 118, 51 (1958)
[Sov. Phys.-Dokl. 3, 61 (1958)].

¥71,, Van Hove, Phys. Rev. 93, 268 (1954).

p, deGennes and J. Villain, J. Phys. Chem. Solids 13, 10
(1960).

2E, 7, Valiev, Fiz. Metal. Metalloved. 38, 7 (1974).

M. Marshall, J. Phys. C 1, 88 (1968).

g, K. Sidorov and A. V. Doroshenko, Fiz. Metal. Metalloved.

19, 786 (1965).
Translated by A. Tybulewicz

A. Z. Men'shikov et al. 89





