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a b s t r a c t

A systematic study of the magnetic hyperfine field distribution for 57Fe in the Invar alloys FexNi100−x

(x = 55, 60, 63, 65 and 67) have been performed by Mössbauer spectroscopy technique at 5 K. The com-
position dependences of the magnetic hyperfine fields (Bhf), isomer shifts and relative intensities of the
magnetic subspectra were measured and analyzed. The reliable data on the correspondence between
the Bhf magnitude and the type of locale atomic configuration were obtained. It is confirmed that the
Fe–Ni Invar alloys in their ground state are predominantly collinear ferromagnets with well-defined
atomic magnetic moments. Particular emphasis has been placed on the low-field (LF) component of the
distribution (Bhf = 1.4 and 2.5 T) which is considered as corresponding to the Fe sites with the antiferro-
magnetic (AFM) alignment of the magnetic moment. The most striking feature of the LF component is
össbauer spectroscopy
the anomalous positive isomer shift that corresponds to a large reduction of the local electron density
at the Fe sites. It may be proposed that the volume effect is one of the plausible reasons for the increase
in the IS value for LF components. In this case, we should suggest that the formation of the AFM sites
leads to some increase in the local atomic volume. The possible influence of the competition between
energetically satisfied and unsatisfied exchange bonds on the stability of the AFM states of the Fe atoms
is briefly discussed.
. Introduction

One of the most remarkable phenomena observed in magnetic
lloys is the Invar effect which consists of the vanishing of the
hermal expansion coefficient of the fcc Fe–Ni alloys at Ni concen-
rations around 35 at.% and over a wide temperature range below
he magnetic ordering temperatures. The macroscopic properties
f the Invar alloys have been investigated in detail, however the
icroscopic mechanism of the Invar effect still has not got a com-
only accepted explanation. There is no doubt that the Invar effect

s strongly related to the magnetic ordering of the alloys but there
s no general consensus on the origin of the effect. Although the
rigin of the Invar effect has been extensively theoretically inves-
igated, it is still controversial. Among the theoretical models of
he Invar effect, the theories based on the correlation between the
olume and the magnitude of the Fe magnetic moment hold much

avor [1–4]. It is believed that the Invar effect is related to a loss of
ocal moment magnitude and an associated contraction occurring
s the temperature is increased. In the theory, the electron con-
gurations of the Fe atoms should change through the transition
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from the high-moment state to the low-moment one. However,
at the same time it has been shown [5,6] that the basic macro-
scopic properties of the Invar alloys can be explained by theories
in which Invar is predominantly a ferromagnetic alloy, having local
magnetic moment magnitudes that are not affected by tempera-
ture. An alternative approach to the Invar problem is based on an
assumption of non-collinear magnetic structure of the Invar alloys
[7,8]. In terms of this theory, the magnetic structure of the alloy is
characterized by the existence of nearly degenerate non-collinear
states with differing magnetic moments and volumes. In the “frus-
tration” model of the Invar alloys [9–11], particular attention has
been paid to the antiferromagnetic exchange interaction Fe–Fe. If
the Invar alloy is a predominantly collinear ferromagnet, the anti-
ferromagnetic Fe–Fe exchange bonds are not energetically satisfied.
As a result, a magneto-volume effect appears which is accompanied
by an anomalous expansion of the lattice at low temperatures. The
several theories of the Invar effect were recently critically reviewed
[11]. None of the above-mentioned models have been unambigu-
ously confirmed by experiment. In particular, the polarized neutron

results obtained in the temperature range from 100 to 600 K [12]
seem to be incompatible with the two-state models. The direct
measurements by the neutron scattering technique showed [13,14]
that the Invar Fe–Ni alloys are collinear ferromagnets over a wide
range of temperatures.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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A common feature to all the aforementioned theories is that the
ossible local effects have been largely ignored. In other words, it

s assumed that the magneto-volume striction (expansion or con-
raction) is uniform down to the microscopic scale. However, the
e–Ni Invar is a concentrated random alloy in which the local envi-
onment effects may play a crucial role because the magnetic states
f the Fe atoms as well as the structural parameters can be strongly
nfluenced by the type of the local atomic configuration. For exam-
le, from the theoretical estimates [9] one would expect that the Fe
ites surrounded by 10 or more Fe nearest neighbors have an anti-
erromagnetic alignment of its magnetic moment. Unfortunately,
ittle is known about the local effects in the Fe–Ni Invar alloys.
owever, the recent experiments provide unambiguous evidence

or the existence of such effects. Experimentally, it was found that
he mean separation of Fe–Fe neighbor pairs is expanded relative
o the average lattice [15]. The direct evidence for the existence of
he locale environment effects has been obtained from the elas-
ic diffuse scattering of neutrons [16]. For the Fe65Ni35 alloy, the
esults suggest the existence of microclusters with the average size
f 2–5 nm. The features of the clusters are found strongly correlated
ith the behavior of the Invar alloys as a function of temperature

nd composition. It is important to emphasis that the formation
f the clusters is directly related to the local deformations of the
attice. Recently, a theoretical study of static atomic displacements
n the Fe65Ni35 alloy has been performed [17]. It was found that
he Invar alloys are characterized by a huge dispersion of both the
nteratomic distances and the nearest neighbor exchange parame-
ers. The individual static displacements can be quite large; for the
e–Fe bonds, the difference in the interatomic distances can reach
value of up to 9%. Obviously, so large local displacements should
ave a strong influence on the behavior of the Invar alloy as a whole.

A detailed knowledge of the properties of electron states of the
e atoms on microscopic level is necessary for a further understand-
ng of the nature of the Invar effect. So far, there are few data dealing

ith this problem. As a result, the physical grounds, which are
eeded to make a decision between alternative models of the Invar
ffect, are still lacking. Unfortunately, experimental tools to observe
irectly magnetic behavior of particular atoms in disordered alloys
re very limited. At present seemingly that the Mössbauer spec-
roscopy is a uniquely suited technique for this purpose, since its
ite selectivity allows probing the electron and magnetic proper-
ies of the Fe atoms reside in the non-equivalent sites in the crystal.
he technique offers a possibility to observe spin configurations of
ifferent types and to classify these states by using an analysis of
he hyperfine parameters. In addition, for the Invar problem, an
mportant parameter is the isomer shift which value is a source of
nformation on both the electron configuration of the Fe atoms and
he variations of the atomic volume [18,19].

The Mössbauer spectroscopy technique has been used in the
nvar alloys studies repeatedly. The basic results were deduced
rom the analysis of the hyperfine field distributions (HFD) [20–22].
t was found that, at low temperatures, more then 90% of the
ull intensity forms the main maximum (MM) of HFD [22,23]. The
omponents of MM correspond to the Fe atoms located in the fer-
omagnetic atomic configurations. For these configurations, the
alues of the hyperfine field (Bhf) at the central Fe site exceed
0–25 T. The width of MM is determined by statistical variations of
he number of the Fe atoms in the nearest environment of the cen-
ral Fe atom [20,23,24]. Apart from MM, the rather small low-field
LF) component is present for which the Bhf magnitude not exceeds
–10 T. The presence of the LF component in the Mössbauer spec-

ra of the Fe–Ni Invar alloys is recorded repeatedly (for examples,
ee Refs. [22,23,25]) but this component has never been studied in
etail. Until now, most research has focused on the behavior of the
e atoms in certain ferromagnetic configurations belonging to MM.
ittle attention is given, however, to other components of the spec-
Compounds 501 (2010) 183–189

tra that may play an important role. Taking into consideration the
above-mentioned possibility of the local effects, a close examina-
tion of all spectral components appears especially important. The
careful study of the behavior of the parameters of the spectra as a
function of composition is also very important.

In this paper we present the results of a systematic study of
the magnetic ground state (at T = 5 K) of the Fe–Ni Invar alloys
in the concentration range of 55–67 at.% Fe by means of the
57Fe Mössbauer spectroscopy. The particular aim of this work is
detailed measurements of the concentration dependences of the
main parameters of the Mössbauer spectra (the magnetic hyper-
fine fields, the relative intensities of magnetic subspectra and the
isomer shifts). As a result, the reliable data on the correspondence
between the Bhf magnitude and the type of the atomic configuration
were obtained. A special attention has been paid to the LF compo-
nents of the hyperfine field distribution, which may be assumed to
relate to local environment effects.

2. Experimental

Samples of FexNi100−x (with x = 55, 60, 63, 65 and 67) were prepared using the
standard procedure which assures production of the disordered Invar alloys with the
fcc crystal structure. Alloys ingots were prepared by arc melting in argon using met-
als with purity not worse than 99.98%. The samples were re-melted several times for
homogenization. The ingots were annealed in a quartz tube under a protective argon
atmosphere at 1200 K and quenched. Then the ingots were filed into fine powders
for Mössbauer measurements. The powder samples were annealed at 1200 K and
quenched. In order to check the purity of the alloys the samples were examined by
X-ray powder diffraction. Analysis of the data has conformed unambiguously that
the samples have expectation fcc structure without visible contamination by the
other phase. The lattice parameters were in a good agreement with results given in
the literature ([10,26] and references therein). The Mössbauer absorption spectra
were measured at 5 K using a 57Co source in a Rh matrix. In order to enhance the
effect of resonance absorption and resolution in detecting the Mössbauer radiation,
a resonance detector was used. Isomer shifts (IS) are given relative to �-Fe at room
temperature.

Two different fitting procedures were applied to the Mössbauer spectra analysis.
First, the hyperfine field distributions were calculated by the histogram method. The
widths of the histogram intervals were chosen so that would be nearly equal to the
instrumental line width. This allowed us to use the direct method for minimizing the
�2 functional and to eliminate ambiguities associated with smoothing procedure.
Second, the spectra were least-squares fitted by a superposition of discrete magnetic
subspectra. The line intensity ratios in each sextet were constrained to 3:2:1:1:2:3.
All the other parameters (including the relative intensities of the magnetic subspec-
tra and the isomer shifts) were set free in the fitting procedure. The quadrupole
shifts of the components of the magnetic subspectra are very small (not more than
0.03 mm/s). Such quadrupole interaction causes only very small asymmetry of the
spectra but does not affect the parameters of the spectra appreciably. The number
of subspectra required for correct approximation was not fixed but was determined
during processing. The velocity resolution was typically 0.11 mm/s/channel. The
investigation of the central part of the spectra, where the LF components of HFD are
localized, has been performed under specialized conditions with the velocity scale
factor of 0.018 mm/s/channel. Below, the alloys are abbreviated by an indication of
the Fe concentration only (Fe55, Fe60, etc.).

3. Results

A typical example of the Mössbauer spectrum and correspond-
ing HFD is given in Fig. 1. As a whole, our results for the HFD are
rather similar to the previously reported data (see references cited
in Section 1). We find that more then 90% of the full intensity form
the MM of HFD. For atomic configurations consisting MM, the val-
ues of Bhf at the central Fe atom exceed 25 T. In addition, for all alloys
under consideration, the LF component (Bhf < 5 T) with the intensity
less than 10% is present. It is important to note that, all over from
the LF component up to the MM, the hyperfine fields are absent
completely. Thus, in the ground state of the Fe–Ni Invar alloys,

only two types of the magnetic states of the Fe atoms are present:
ferromagnetic states which form the MM’s configurations and non-
ferromagnetic ones (LF components of HFD). As the intensity of the
LF component is rather small, this picture is consistent with the
assumption that the Invar is predominantly a ferromagnetic alloy
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Table 1
Magnetic hyperfine fields (Bhf) and relative intensities (INT) obtained as a result
of the approximation of the main maximum of HFD by a superposition of discrete
magnetic subspectra at 5 K. The mean-square errors for Bhf and INT are equal to 0.02 T
and 0.02, respectively. N is the number of the Fe atoms in the nearest environment.
For all of the subspectra, the isomer shift is 0.153(5) mm/s (relative to �-Fe at room
temperature).

N

10 9 8 7 6 5 4

Fe55
Bhf (T) 38.3 36.6 35.4 34.1 32.7 31.4 29.9
INT 0.02 0.08 0.18 0.22 0.22 0.15 0.10

Fe60
Bhf (T) 38.4 36.5 35.3 34.1 33.0 31.7 30.3
INT 0.04 0.14 0.20 0.24 0.18 0.11 0.05

Fe63
Bhf (T) 38.8 36.9 35.6 34.2 32.9 31.5 30.3
INT 0.05 0.14 0.23 0.22 0.16 0.08 0.04
ig. 1. (a) Mössbauer spectrum of the Fe63Ni37 alloy at 5 K and (b) the corresponding
unction of distribution of hyperfine field. The arrows indicate the position of the LF
omponent.

n which nearly all Fe atoms are present in a single high-moment
tate [20,23].

.1. Main maximum of HFD

The shape profile of the MM is determined by statistical varia-
ions of the number of the Fe atoms in the nearest environment of
he central Fe atom [20,23,24]. Ours measurements of the composi-
ion dependence of the MM’s profile give an opportunity to obtain
he reliable data on the correspondence between the Bhf magnitude
nd the type of locale atomic configuration. The shape of the MM
an be well approximated by the superposition of discrete magnetic
ubspectra. It is known [23,27] that, in disordered Fe–Ni alloys, the
alue of the magnetic hyperfine field, Bhf, can be represented, as a
ell approximation, by the sum of two contributions as

hf = a�Fe + bM(N), (1)

here �Fe is the magnetic moment of Fe atom, M is the net mag-
etic moment in the nearest environment of the central Fe atom, a
nd b are constant parameters, N is the number of Fe atoms in the
earest environment. If the Fe moment remains unchanged, the
ariations of Bhf across the MM are determined completely by the
hange in the number of the Fe nearest neighbors. In this case, a
et of the equidistant values of Bhf should be observed. The dif-
erence in Bhf for adjacent subspectra, �Bhf, corresponds to the
eplacement of one Fe atom by Ni. The relative intensities of the
ubspectra should correspond to the binomial distribution W(N).
xperimentally, just these regularities have been observed. The

esults of the approximation of the spectra by the superposition of
he distinct magnetic subspectra are present in Table 1 and Fig. 2.
he identification of the subspectra (that is the determination of
relationship between the Bhf value and the N number) can be

educed from the analysis of the concentration dependence of the
Fe65
Bhf (T) 38.5 37.1 35.5 34.2 32.9 31.2 29.2
INT 0.04 0.14 0.21 0.21 0.17 0.09 0.06

relative intensities of the magnetic subspectra. The identification
is rather simple because the different components of the binomial
distribution W(N) have essentially different dependences on the
Fe concentration. For example, in going from Fe55 to Fe63, the
probability W(6) decreases from 0.21 to 0.15, while W(9) increases
from 0.09 to 0.17. In Fig. 2a the concentration dependence for three
subspectra is shown in comparison to W(N), N = 6, 8 and 9. It is
seen that the identification of the subspectra is quite unambigu-
ous. It should be noted that our identification of the subspectra is
different essentially from that proposed in Ref. [20]. This disagree-
ment may be easily explained. In Ref. [20] the fitting procedure
was performed for the Fe67 alloys only. However, as it seen from
Fig. 2, at such a high Fe concentration, the really observed rel-
ative intensities of subspectra deviate largely from the binomial
distribution.

Two crucial results must be emphasized. Firstly, as seen from
Table 1, for Fe55, Fe60, Fe63 and Fe65 alloys, the shape of the MM
is approximated by the superposition of the magnetic subspectra
with the same set of the Bhf values. For a given atomic configura-
tion, the Bhf value appears to be essentially independent of the Fe
concentration. Secondly, the Bhf values for adjacent atomic config-
urations are nearly equidistant. On the average, the difference in Bhf
for adjacent subspectra, �Bhf, is equal to 1.4(3) T. These two regu-
larities strongly suggest that the atomic magnetic moments appear
to be essentially independent of both the composition and the
type of the local atomic configuration. Also, we may conclude that
the configurations comprising MM have an essentially collinear
magnetic structure. We cannot entirely rule out the presence of
some deviations from collinearity. However, any non-collinearity, if
existed, should be small. Assuming that the magnetic moment of Fe
and Ni atom is equal to 2.8 and 0.6 �B, respectively, the coefficients
a and b in Eq. (1) are found to be 7.2(3) and 0.63(3) T/�B, respec-
tively. These values are rather close to those previously reported in
Refs. [23,27].

As seen from Fig. 2, for the alloys with the smaller Fe concentra-
tions, the close agreement between the measured and calculated
relative intensities of the subspectra is observed. As the Fe con-
centration is increased, some discrepancies appear, the origin of
which will be discussed below in Section 4. Here we focus on

the fact that the subspectrum N = 11 has never been observed. For
all of the subspectra comprising MM, the IS value is essentially
identical. At 5 K, the observed IS value is 0.153(5) mm/s. After the
second order Doppler shift correction (according to the procedure
described in [10]) the IS value becomes 0.26 mm/s which is very
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ig. 2. The comparison of the measured intensities of ferromagnetic components o
is a number of the Fe atoms in the nearest environment of the central Fe atom.

hf = 36.6 T (triangles), 35.5 T (open circles) and 32.9 T (closed circles) in comparison

lose to the results of the previous measurements [10]. Within the
imits of experimental error, any dependence of the IS value on
oth the composition and the type atomic configuration has not
een observed. This means that the replacement of Fe by Ni does
ot affect the locale electron density at Fe sites appreciably.

.2. Low-field components

Up to now, little attention has given to the LF component of HFD
hat may be associated directly with the local effects in the Invar
roblem. Apparently, this is due to the fact that the mechanism of
he Invar effect has not been considered as a local one. Moreover,
he study of the LF component involves some difficulties arising

rom its rather small intensity as well as from the partial overlap
ith the much more intensive lines of the spectra. In our study,

hese difficulties have been reduced to a certain extent through a
esolution enhancement by diminution of the velocity scale factor
own to 0.018 mm/s/channel. The LF components are located close
ain maximum of HFD (closed circles) with the binomial distribution (solid lines).
the composition dependences of the relative intensities of three subspectra with

e binomial distribution W(N) (N = 9, 8 and 6, respectively) are shown.

to the center of the spectra therefore it can be easily observed in
spite of its rather low intensity.

Fig. 3 shows the representative examples of the central part
of the Mössbauer spectra measured at 5 K. The LF component is
clearly observed. As the Fe concentration increases from Fe60 to
Fe63, the intensity of the LF component grows noticeably. More-
over, for the LF component, the IS value differs distinctly from that
for the ferromagnetic components of MM. The best approximations
of the spectra were obtained when the fitting of LF component was
performed with two magnetic subspectra. This well corresponds
to the shape profile of the LF component obtained as a result of
HFD calculation (see Fig. 1). The results of the fittings are shown in
Fig. 3. The measured magnetic hyperfine fields, 1.4(1) and 2.5(1) T,

are rather small. (Below we shall abbreviate these two LF subspec-
tra by the LF1 and LF2 components.) The main parameters of two
LF components measured at 5 K are listed in Table 2. For both LF
components, the IS values 0.37(3) and 0.39(3) mm/s (uncorrected
for the second order Doppler shift) are nearly the same. These
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ig. 3. The central part of the Mössbauer spectra of the Fe60 and Fe63 alloys
easured at 5 K. The dashed and dash-dotted lines represent the results of a least-

quares fit of the LF component by a superposition of two magnetic subspectra.

alues significantly exceed the IS value of the ferromagnetic com-
onents of HFD (IS = 0.15 mm/s). For 14.4-keV Mössbauer line of
7Fe isotope, an increase in the IS value implies a decrease in the
ocal electron density. The relative intensities of the LF compo-
ents as a function of the iron concentration are shown in Fig. 4.
he integrated intensity of the LF components increases notice-
ble with increasing the iron concentration from Fe60 to Fe63.
s the iron concentration increases further, the integrated inten-
ity remains nearly unchanged. At the same time, the intensity of
he LF2 component increases monotonically closely following the

(11) component of the binomial distribution.

. Discussion
The quantitative analysis of the experimental data strongly
upports that the ground state of the Fe–Ni Invar alloys is pre-
ominantly a ferromagnetic state with well-defined local magnetic
oments, which are essentially independent of the type of the

tomic configuration. For the atomic configurations comprising

able 2
arameters of the LF components of HFD at 5 K. The magnetic hyperfine fields (Bhf),
elative intensities (INT) and isomer shifts (IS) were obtained by fitting LF compo-
ent by two magnetic subspectra (LF1 and LF2 components). Isomer shifts are given
elative to �-Fe at room temperature.

Alloy LF1 LF2

Bhf (T) INT IS (mm/s) Bhf (T) INT IS (mm/s)

Fe55 1.45(9) 0.018(5) 0.35(1) 2.42(12) 0.007(5) 0.40(2)
Fe60 1.36(9) 0.022(8) 0.37(2) 2.50(8) 0.015(6) 0.42(1)
Fe63 1.55(8) 0.034(8) 0.34(2) 2.57(14) 0.026(7) 0.38(2)
Fe65 1.41(7) 0.021(7) 0.39(1) 2.60(6) 0.035(7) 0.37(2)
Fe67 1.38(8) 0.015(5) 0.40(2) 2.43(9) 0.039(6) 0.38(2)
Fig. 4. The composition dependences of the LF components at 5 K. Open and closed
circles represent the LF1 and LF2 components, respectively; closed squares show
the integrated intensity of the LF component. (Dashed line is a guide to the eye.) The
dotted lines are the W(10) and W(11) components of the binomial distribution.

MM, the Bhf values are in well concordance with a simple model
based on the direct relationship between the Bhf value and the
number of Fe atoms in the nearest environment of the central Fe
atom. No explicit indication on the non-collinearity of the magnetic
moments is found. The constancy of the IS value for the magnetic
subspectra of MM suggests that the Fe atoms are in single high-
moment electron state. This means that, in the ground state of the
Fe–Ni Invar, the ferromagnetic Fe–Ni and Ni–Ni exchange bonds are
strongly dominant and the simple ferromagnetic structure of the
alloys is not disturbed by the more weak antiferromagnetic Fe–Fe
bonds.

This picture is seems reliable for the atomic configurations for
which the number of the Fe nearest neighboring (NN) atoms is not
too large (N < 10). In the same time, the next peculiarities indicat-
ing on the some deviations from this simple picture are observed:
(1) the subspectrum N = 11 has not been observed. For the Fe65
alloys, as an example, the W(11) probability is equal about 0.04.
A subspectrum of such intensity would be detected in our mea-
surements. (2) The observed intensities of the N = 10 subspectra
are systematically lower as compared to the W(10) probability. (3)
For the iron concentrations exceeding 63 at.%, an essential shift of
the HFD with respect to the W(N) distribution is observed. This shift
is negligible for Fe55 and Fe60 alloys but quite large for Fe67 alloy.
These observations give clear evidence that the magnetic states of
the central atoms in the atomic configurations N = 10 and N = 11 are
highly unstable.

The self-consistent explanation of these peculiarities may be
given with the theoretical predictions concerning the conditions of
the formation of the antiferromagnetic (AFM) states of the Fe atoms
in the Fe–Ni Invar alloys. As the N number increases, the number of
the AFM Fe–Fe pairs increases too. When the number of these AFM
pairs reaches some critical value, the AFM alignment of the mag-

netic moment of the central Fe atom becomes energetically most
favorable. Theoretical models [4,8,9] predict that the Fe site, hav-
ing in its nearest neighborhood 10 or more Fe atoms, will transform
into the AFM state with a moment direction antiparallel to the net
magnetization. Our experimental results are in well concordance
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ith this prediction. For the explanation of above mention pecu-
iarities (1) and (2), one ought to propose that the moment of the
entral Fe atom in the N = 11 atomic configuration is always anti-
erromagnetically alignment while the N = 10 configurations only
artially transform into the AFM state. In latter case, the probabil-

ty of the forming of the stable AFM state is strongly influenced by
he conditions in the neighborhood of the sites. In terms of this pic-
ure, the peculiarity (3) can be easily explained too. The observed
hifts of HFD with respect to the W(N) distribution arise from the
ppearance of the AFM sites in the nearest neighborhood of the cen-
ral Fe atom. According to Eq. (1), one NN Fe atom having the AFM
rientation of its moment leads to the reduction of the Bhf value to
bout 3.5 T. The natural consequence of this reduction is the visi-
le increase in the intensity of the low-field part of MM. A simple
stimation shows that, for the explanation of the observed shifts of
FD, the net concentration of the AFM sites of several percents is
uite enough.

The presence of the AFM Fe sites may be states from the Bhf
alues. If the magnetic moment of the central Fe atom is aligned
ntiferromagnetically with respect to the neighboring moments,
he Bhf value at the central Fe atom will be very small. In terms of Eq.
1), in this case, two contributions to Bhf (one due to the magnetic

oment of the central atom, the other due to the neighbor magnetic
toms) have opposite signs and nearly cancel each other. As a result,
hf at the central Fe atom is reduced down to several Tesla. This is
ell agrees with the Bhf values observed for the LF components. The
redicted theoretically concentration of the AFM sites is very close
o the observed relative intensity of the LF component. Thus, the
roposition that the LF component corresponds to the Fe sites with
he AFM alignment of the magnetic moment seems to be highly
robable.

The most prominent feature of the LF component is the anoma-
ous IS value which is essentially larger than the IS value of the
erromagnetic component of HFD. The experimental data show that
he local electron density at the LF-sites is much smaller than at fer-
omagnetic ones. Basically, two different reasons for the change in
he electron density may be considered: a change of the electron
tructure of the Fe atom and a local change of the atomic volume.
rom the quantitative analysis of the data on the 57Fe IS for the
e impurity atoms in the transition metals [18] it is evident that
he first cause may have only slight effect on the electron density.
owever, it is not easy to predict the changes in the local electron
ensity when the transition from ferromagnetic state to AFM state

s occurs. In order to consider the dependence of IS on the atomic
olume, we can use data on the IS in different transition metals as
function of pressure [19]. It has been shown that a simple scaling

nterrelation exists between the IS value and the volume. Namely,
s a first approximation, the logarithmic derivative ∂IS/∂ ln V is
lose to 1 mm/s. This means that the 1% change in volume leads
o the 0.01 mm/s change in the IS. Within the framework of this
pproximation, let us assume that the difference in the IS between
FM sites and ferromagnetic ones is completely determined by the
hange in the volume. Then, we found that the local atomic volume
f the AFM site is about 20% greater then the atomic volume of
he ferromagnetic configurations. This corresponds to the increase
n the interatomic distances by about 7%. This value might appear
o be unrealistically large, although the first-principles theoreti-
al analysis of the atomic displacements in the Fe–Ni Invar alloys
howed [17] that the dispersion of Fe–Fe nearest neighbor bond
engths can be even greater, up to 9%. Of course, the above-derived
stimation of the change in the atomic volume does not claim to

he quantitative consistency with the real situation. Nevertheless,
t may be proposed that the volume effect is one of the plausible
easons for the increase in the IS value for LF components. In this
ase, we should suggest that the formation of the AFM sites leads
o an increase in the local atomic volume. In terms of this assump-
Compounds 501 (2010) 183–189

tion, a simple physical interpretation may be given to the observed
features of the LF components of HFD.

The properties of the Invar alloys are largely determined by a
competition between the AFM exchange Fe–Fe interaction and fer-
romagnetic interactions Fe–Ni and Ni–Ni. The strength of the AFM
exchange is much smaller than that of ferromagnetic interaction;
however, this is compensated partly by a large number of the Fe–Fe
bonds. The magnetic state of the Fe atom as well as the interatomic
distances should depend on the balance between the exchange
interactions opposite in sign. The most important factors deter-
mining the ground-state properties of the Invar alloys are the radial
dependences of the exchange interactions between different types
of atoms. Unfortunately, this information is lacking completely at
the moment. Therefore, the qualitative examination of the picture
is only available.

In accordance with the accepted picture, the intensity of the LF
component is determined by the atomic configurations in which
the central Fe atom has 10 and 11 NN Fe atoms. (A contribution
from the configuration with 12 NN Fe neighbors is rather small
and can be neglected.) For these AFM configurations, all the Fe–Fe
exchange bonds are energetically satisfied whereas the ferromag-
netic Fe–Ni bonds are not satisfied because the magnetic moment
of the central Fe atom is antiparallel to the moments of the neigh-
boring Ni atoms. The energetically most favorable state is one in
which the contribution of the unsatisfied Fe–Ni bonds to the total
energy is minimal. As seen in Fig. 4, the relative intensity of the
LF2 component as a function of composition follows closely the
W(11) probability of the binomial distribution. This result allows
us to conclude that the LF2 component corresponds to the AFM
Fe atoms having 11 Fe atoms in its nearest neighborhood. Then,
the LF1 component should correspond to the configuration with
10 NN Fe atoms. However, as is seen in Fig. 4, the observed inten-
sity of the LF1 component is significantly less as compared with the
W(10) probability. This means that the 10 NN configurations only
partially transform into the AFM states. The integrated intensity
of the LF component is only a weak function of on the composition
reaching a plateau over Fe63 (see Fig. 4). Such a behavior of the inte-
grated intensity can be realized if take into consideration the local
distortions of the lattice caused by the increase in atomic volume
of the AFM Fe sites. From stability of the lattice considerations, it is
evident that the full concentration of such sites cannot be large. The
experimental results show that the maximal concentration of the
AFM Fe atoms is close to 6%. Thus, the proposed scenario provides
a qualitative explanation for the experimentally observed regular-
ities. In framework of this picture, from our experimental data it
follows that, for the AFM Fe states, an increase in the atomic vol-
ume is needed to fulfill the requirement of the minimization of the
contribution of the unsatisfied Fe–Ni bonds to the total energy. The
LF atomic configurations which considered as the AFM ones have
larger locale atomic volume as compared with the ferromagnetic
configurations consisting MM of HFD.

This conclusion is in a contradiction with the ordinary theo-
retical results which suggest that the AFM states of the Fe atoms
should have a smaller volume (see [8,17] and references herein).
However, it should be noted that the theoretical suggestion has
never been confirmed by direct experiments. As have already been
mentioned, the magnetic state of the Fe atom as well as the atomic
volume are determined by a delicate balance between the com-
petitive contributions of the energetically satisfied and unsatisfied
exchange bonds to the total energy. For correct analysis of the bal-
ance, the reliable information on the radial dependencies of the

exchange interactions between different atoms is required. Unfor-
tunately, this information is lacking. Taking into account the radial
dependence of non-satisfied Fe–Ni interaction seems to be partic-
ularly important. In fact, the dependence of the magnetic state of
the Fe atoms on the relationship between the radial dependences
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f different exchange bonds has never been considered. Sometime
t is proposed even that the ferromagnetic Fe–Ni and Ni–Ni inter-
ctions do not depend on the interatomic separations on the whole
9]. It is obvious that this assumption should not be correct. The-
retic models predict also that the formation of the AFM states in
he Fe–Ni Invar should be associated with a loss of local moment

agnitude. Experimentally, this prediction has not been directly
onfirmed. Our interpretation of the feature of the LF components
f HFD is quite plausible although the direct proof of the AFM char-
cter of that state is absent. Therefore, the relationship between
he magnetic state of the Fe atom and local atomic volume remains
pen to question. An unambiguous answer on the problem will be
ather important for understanding of the role of the local effect in
he origin of the Invar effect. In order to obtain deeper insight into
his phenomenon, the further experimental and theoretical efforts
ill be required.

. Conclusions

In summary, we have studied the features of the hyperfine field
istribution of the Fe–Ni Invar alloys in the concentration range
f 55–67 at.% Fe. The careful investigation on the concentration
ependencies of the parameters of the Mössbauer spectra has been
erformed at 5 K. As a result, the reliable data on the correspon-
ence between the Bhf magnitude and the type of the locale atomic
onfiguration were obtained. It is confirmed that the Fe–Ni Invar
lloys in their ground state are predominantly collinear ferromag-
ets with the well-defined atomic magnetic moments. Particular
mphasis has been placed on the LF component of the distribution,
hich exhibits some anomalous properties. We argue that the LF

omponent corresponds to the Fe atoms having the AFM alignment
f its magnetic moment. The most striking feature of the LF compo-
ent is the large positive isomer shift exceeding by about 0.2 mm/s
he value of the isomer shift for the main (ferromagnetic) compo-
ents. The corresponding reduction of the local electron density
ay come at last partly from an increase in the atomic volume.

he local increase in the atomic volume is a consequence of a com-
etition between energetically satisfied and unsatisfied bonds on
he Fe sites having 10 or more Fe nearest neighbors. This inter-

retation is in well accordance with the observed concentration
ependences of the parameters of the LF components. The mag-
itudes of Bhf and the relative intensities of the LF components
upport this assumption also. Because the direct proof of the AFM
haracter of the LF-sites is absent, the further experimental and

[
[
[
[
[
[
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theoretical efforts will be required. The direct examination of the
existence of the AFM states, in principal, could be made by neutron
diffraction technique; however very accurate measurements are
required because the fraction of the LF (AFM) sites do not exceed
6%. The theoretical analysis of stability of the AFM states with use
correct hypothesis on the radial dependences of the exchange inter-
actions between different atoms is highly desirable also. Our studies
on Fe–Ni Invar alloys at the temperatures above 5 K are now in
progress. It is quite possible that the phenomena observed in our
experiment are closely related to the discovery of the elastic dif-
fuse scattering of neutrons, which was explained by the formation
of microclusters with a locale lattice deformation [16]. The results
indicate that the Fe-rich clusters have expanding volume at low
temperature.
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