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Mossbauer-spectroscopy study of amorphous Fe-Ge alloys
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A Mossbauer-spectroscopy study of amorphous Fe Ge&, with 0. 11&x&0.72, was performed to
measure the hyperfine-field parameters at 22 and 295 K. The distributions of quadrupole splitting sug-

gest that for x & 0.2, the structure of the alloys is homogeneous and Fe atoms probably occupy the inter-

stices of the Ge tetrahedral structure. For concentrations of x &0.4, however, hyperfine-field parame-

ters seem to indicate that the alloys contain a mixture of short-range-order phases, with the average

hyperfine magnetic field rising sharply with concentration. The resulting analysis of isomer shift, in

terms of the model of Miedema and Van der Woude [physics B 100, 145 {1980)],shows the Fe magnetic

moment to be strongly influenced by hybridization and intra-atomic charge redistribution.

I. INTRODUCTION

Amorphous Fe-Ge alloys undergo two important tran-
sitions as the composition is varied. The metallic proper-
ties start at 15—25 at. % Fe,' while the ferromagnetic
properties start at about 40 at. % Fe. ' Change in topo-
logical and chemical short-range order (SRO) with com-
position is still a challenging problem, especially at the
two transition compositions.

Two models have been proposed to describe how Fe
atoms are situated in the random tetrahedral network,
characteristic of pure amorphous Ge, in Ge rich Fe-Ge
alloys. One model suggests that on introducing Fe in the
Ge matrix for low concentration of Fe, the Fe atoms go
into substitutional positions without significantly disturb-

ing the tetrahedral stacking. But on further increasing
the Fe content, the Ge tetrahedral structure is progres-
sively destroyed and the structure becomes more like that
of packed hard spheres. A second model suggests that
Fe atoms occupy the interstices of the Ge tetrahedral
structure up to the limit of 19 at. % Fe, when the net-
work is completely filled.

On the other hand, several models have been proposed
to explain the absence of any magnetic ordering at any
temperature for concentrations below a critical value x, .
One model suggests that Fe bears a substantial magnetic
moment below x„but x, is a percolation threshold.
Other models advocate the disappearance of the Fe mag-
netic moment below x, . However, two distinct mecha-
nisms, by which the magnetic moment of Fe vanishes, are
proposed. One mechanism is a charge-transfer mecha-
nism, where 4p electrons of Ge are transferred to the Fe
3d band, which leads to a more complete 3d band filling.
The second one is a broadening mechanism, where the
Fe 3d band hybridizes with the Ge sp levels, which leads
to a spin-degenerate Fe 3d band. According to these
models, the appearance of the Fe magnetic moment is
linked to the average number of Fe atom nearest neigh-
bors. Most recently, the local density of the Fe 3d elec-

trons in the Fe-Ge system was directly measured by elec-
tron energy-loss spectroscopy (EELS).' '" The results
were found to suggest hybridization as the cause for the
decrease in the Fe magnetic moment as the Ge content is
increased. However, charge transfer was not ruled out in
the similar Fe-Si system.

Recent extended x-ray-absorption fine structure
(EXAFS) and x-ray appearance near-edge structure
(XANES) measurements' on sputtered samples have
shown that the Fe-Ge system remains homogeneous in
the concentration range below 33 at. % Fe, which in-
cludes the semiconductor-to-metallic transition, and
separates into phases above 37 at. % Fe, which includes
the magnetic transition. In the present study, the
hyperfine parameters of amorphous Fe„Ge& „, with
0. 11&x &0.72, are measured at room temperature and
at 22 K. Analyses of quadrupole splitting (QS) and
hyperfine magnetic-field (HMF) distributions, which are
presented in Sec. III and Sec. IV, respectively, comple-
ment the EXAFS and XANES investigation of structural
properties. In addition to the HMF data, isomer shift
data, which are presented in Sec. V, provide valuable in-
formation about the magnetic properties.

II. EXPERIMENT AND DATA ANALYSIS

Amorphous samples of Fe, Ge, with 0. 11 &x &0.72
were prepared by R. D. Lorentz at Stanford University
by cosputtering from pure Fe and Ge targets onto a rap-
idly rotating, uncooled table holding the sample sub-
strates. The rotation of the table ensured compositional
homogeneity over a large scale. Thin Kapton films were
used as substrates. During depo'sition, substrate tempera-
tures rose above that of the table because they were not
thermally connected. Sample composition was deter-
mined by Auger electron spectroscopy which was con-
ducted over different parts of the sample. A continuous
x-ray-diffraction scan was used to check for any evidence
of crystallization. Further details of deposition and sam-

45 2201 1992 The American Physical Society



2202 HAMDEH, AL-HILALI, DIXON, AND FRITZ 45

pie analyses are reported elsewhere. '

Mossbauer spectra were obtained in a transmission
geometry with a conventional constant-acceleration spec-
trometer. The average film thickness was about 1 pm.
Each specimen used in this work consisted of a few 1-cm
layers stacked together, hence no thickness correction
was necessary. A radiation source of 50-mCi Co in a
Rh matrix was used for all measurements. Mossbauer
spectra were obtained at 22 K and room temperature. In
amorphous Fe-Ge alloys, the quadrupole-splitting,
hyperfine-magnetic-field, and isomer-shift distributions
result in broadening of all Mossbauer lines with respect
to those of pure Fe. The distributions of the quadrupole
splitting and the hyperfine magnetic field were obtained
by two methods. In these methods, the isomer-shift dis-
tribution was neglected and only average isomer-shift
values were obtained. In the first, the following distribu-
tion was considered:

x —x
P (X)= g A, exp

2

where x is QS or HMF, A; is a constant; (g A,. =1), g,. is
related to the width of the ith Gaussian distribution. A
maximum of n =3 was used. The QS distribution was
convolved with a doublet of Lorentzian lines and the
HMF was convolved with a sextet of Lorentzian lines
characteristic of a pure Fe spectrum. In addition to the
average isomer shift of each Gaussian distribution, the
parameters 3;, xo;, and o; were all freely adjusted in a
least-squares fit to the experimental data. In the second
method, we employed the analysis procedure of Le Caer
and Dubois. ' This method provides both discrete and
continuous distributions of the hyperfine-field parameters
directly, and no prior knowledge of the distribution
shapes is required. The results of the mean and the vari-
ance of the distributions of the two methods are in full
agreement. It is worth noting here that there may be an
added broadening to the HMF distribution from the pos-
sibility of random orientation of the electric-field-
gradient axes relative to the magnetic direction.

III. QUADRUPOLE SPLITTING

All the Mossbauer spectra of amorphous Fe„Ge& at
room temperature with x =0.11, 0.18, 0.27, 0.43, 0.45,
and 0.49 exhibit only a quadrupole doublet, while at 22 K
a resolved doublet is seen only for the spectra with
x ~ 0.27. In the absence of any magnetic order, the mea-
sured distributions of the QS are rather accurate within
experimental errors and show no significant dependence
on temperature. The mean and the variance of the QS
distributions as a function of x are shown in Fig. 1 for the
spectra at room temperature. With the exception of
x =0.52 (Curie temperature is around room tempera-
ture), the mean QS decreases continuously with increas-
ing Fe concentration. As a measure of the electric field
gradient (EFG) at the Fe nucleus, which is determined
by the local symmetry at the Fe site, QS size is strongly
related to the near-neighbor configuration. Consequent-
ly, the results suggest simply that on the average the local
symmetry shows a steady increase throughout the
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FIG. 1. Mean ( ~ ) and the square root of the variance ( X ) of
the "Fe QS distribution b os obtained from spectra measured at
room temperature vs Fe concentration.

specified concentration range of Fe. On the other hand,
the variances show that the width of the QS distribution
is nearly constant. On further analysis of the distribu-
tions which are presented in Fig. 2, two important obser-
vations can be made. (1) The QS distributions of the al-
loys at x =0.11 and 0.18 show a peak that is centered
around 6&s=0 mm/sec, which results from anisotropy
that exists in these two alloys. Theoretical calculations of
these distributions yield the above results, with the as-
sumption that the intensities of the two Mossbauer lines
are equal; but this is not supported by the experimental
spectra of the two alloys. To check for the EFG anisot-

ropy, the samples were rotated in order to change the an-

gle between the y ray direction and the plane of the film.
The corresponding change in the relative intensities of
the lines matched roughly the theoretical predictions for
thin films and also suggests a positive sign for the QS. (2)
Although the mean and the variance of the distributions
decrease with increasing Fe concentration from x =0.11
to 0.18, the center of the main peak (b,&s =0.52 mm/sec)
does not change. Therefore, it is inappropriate to consid-
er that the local symmetry increases homogeneously
throughout the alloys in this concentration range. The
most likely explanation for these two observed behaviors
is that the Fe atoms occupy randomly the interstitial sites
of the Ge tetrahedral network. The 6&s=0.52 mm/sec
peak represents those Fe atoms with the nearest-neighbor
interstitial sites completely filled; further addition of Fe
atoms simply fills the remaining empty sites, thus narrow-
ing the width of the distribution and leaving the center of
the peak in place. Also, from point symmetry one knows
that the EFG at the interstitial hexagonal sites of a ran-
dom tetrahedral structure has a large (111)axial symme-

try, while the EFG axes are expected to be randomly
oriented in a dense random packing of neighbors. There-
fore, it is less likely for anisotropy to exist in the latter
system than in the first one.

In addition, the QS distribution of the alloy at x =0.11
also features a small peak that is centered around

6&s = 1. 1 mm/sec. By comparing this peak to the
values' of the QS of amorphous Fe-Ge alloys in the di-

lute limit, we identify this high QS peak as the QS of indi-
vidual Fe atoms situated on sites within regions of pure
Ge environment. While the main peak of the distribu-
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FIG. 2. Left: Mossbauer spectra measured at room tempera-
ture from sputtered Fe-Ge. Right: Fe QS distributions b,&s
obtained from the spectra on the left by the method of Le Caer.

tions of the alloys with x =0.11 and 0.18 resembles a
Gaussian distribution, the distribution of the alloy at
x =0.27 is a single peak centered at 6&s=0.52 mm/sec
with negative skewness. This skewness is evidence of the
growth of Fe sites with increased symmetry as the Fe
content is increased from 18 to 27%. The center of the
peak has shifted down to 6&s=0.48 mm/sec for the al-
loys with x =0.43, 0.49, and 0.52, while the QS distribu-
tion of the alloy with x =0.45 has split into two peaks
centered around b,Qs

=0.30 mm/sec and b,Qs 0.55
mm/sec. All this suggests that major structural changes
are taking place at x &0.43, with the possibility of more
than one local order developing.

We were unable to identify accurately the possible
phases by comparing our QS data to those of the various
Fe-Ge intermetallics for two reasons. First, the nature of
the substrates prevented us from performing serious an-
nealing of the samples to better resolve the peaks.
Second, most of the reported QS data' ' of the Fe-Ge
binary is measured below T, and the relative orientation
between the EFG axes and the direction of the magnetic
field is neglected. This is probably the reason for the
unusual discrepancy in the published data.

IV. HYPERFINE MAGNETIC FIELD

The Mossbauer spectra taken at 22 K from alloys with
x )0.43 clearly indicate the presence of magnetic order
in these alloys. The spectra from alloys with x ~0.52 are
considered to contain a distribution of six line patterns
which originate from magnetically ordered Fe atoms,
and a distribution of quadrupole doublets. The two in-
dependent distributions and their concentrations are ob-
tained by employing the Le Caer and Dubois method.
The Mossbauer spectra and the Fe HMF distributions
obtained from them are presented in Fig. 3. Also
presented is the HMF of various Fe-Ge intermetallics
and pure Fe for comparison.

The broad HMF distribution at the Fe changes
significantly with the Fe concentration and features more
than one peak. The first peak centered at about 50 kG is
usually characterized as the nonmagnetic or paramagnet-
ic peak; however, Fe atoms of persisting short-range
magnetic order are also included in this peak. As expect-
ed, the intensity of this peak changes rapidly with tem-
perature. The other peaks are considered to correspond
to different Fe sites, and the intensity of each peak
represents approximately the probability of each environ-
ment. It is clear that the sample at x =0.72 contains two
SRO phases which can be described as the SRO of the
crystalline compounds of FeGe2 and Fe3Ge. To quantify
the intensities of the two environments, the two peaks in
the HMF distribution were fit to a set of two Gaussian
functions. The high Fe concentration phase makes up
about 92% of the alloy. We were also able to find the
area under the hexagonal Fe-Ge peak of the sample at
x =0.52 to be 60% of the HMF distribution; however,
this phase makes up only 53% of the alloy since 11% of

Fe atoms are not magnetically ordered. Because of the
strong overlap among the peaks in the HMF distributions
of the other samples, it was not possible to quantify accu-
rately their intensities. However, it appears generally
that the major amorphous phase that makes up an alloy
is similar to the crystalline Fe-Ge binary with composi-
tion close to that of the alloy. The HMF distributions of
the. two highest Fe concentration alloys measured at 22 K
differ from those taken at room temperature (see Fig. 3).
This may be attributed to the difference in temperature
dependence of the HMF of the various phases.

It has been shown in crystalline compounds of Fe-Ge,
that the HMF is roughly proportional to the magnetic
moment of Fe as determined by Mossbauer measure-
ments and neutron-diffraction or magnetization measure-
ments. In order to make a meaningful comparison be-
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tween our HMF data and magnetization data, we present
the mean Fe HMF vs Fe concentration in Fig. 4. Our
data are in good agreement with the magnetization data
of Suran, Daver, and Bruyere and confirm the widely ob-
served critical concentration x, =0.4 below which mag-
netization is absent down to 4.2 K.

Upon obtaining the HMF distributions, we assumed
the spatially averaged values of the QS to be equal to zero
in the presence of long-range magnetic order. This is
indeed the case as shown by the spectra of the two
highest Fe concentrations. These spectra also show that
the relative intensities of the Mossbauer lines closely fol-
low the expected relation 3:b:1. At room temperature the
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FIG. 4. Mean HMF of the ' Fe distribution obtained from
spectra measured at 22 K vs Fe concentration.
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intensity of the second line was close to b =2, suggesting
that the axis of magnetization is randomly oriented in all
directions. At 22 K the value of b decreased to 0.36, sug-
gesting that the axis of magnetization had rotated out of
the plane of the film. This temperature-induced anisotro-
py could be expected due to the difference in thermal ex-
pansion between sample and substrates. The substrates
contracted faster thus applying a contractive pressure
along the plane of the film. For a positively magneto-
strictive alloy, this pressure causes the plane's component
of the axis of magnetization to tilt out of the plane.

V. ISOMER SHIFT
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The isomer shifts of the various Fe-Ge intermetallics
are reported to be between 0.25 and 0.5 mm/sec. Be-
cause of the large overlapping among the different amor-
phous phases in the present alloys, accurate values of the
isomer shift of each phase were dificult to obtain from
the measured spectra. The mean values of isomer shift at
22 K (relative to pure Fe at 22 K) of amorphous
Fe Ge, „as a function of x are presented in Fig. 5.
These data are similar to that of Massenet and Daver.

Although isomer shift is a measure of charge density of
s-like electrons at the Fe nucleus, the observed variation
with Fe concentration is the result of direct changes in
the number of 4s and 3d electrons or their wave func-
tions. The core electrons of 1s, 2s, and 3s are sensitive to
the surrounding atoms through their interaction with the
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FIG. 3. Left: Mossbauer spectra measured at 22 K from

sputtered Fe-Ge. Right: ' Fe HMF distributions obtained by
the method of Le Caer. The solid curves were obtained from
the spectra on the left; the dotted curves were obtained from
spectra measured at room temperature. The vertical lines are
the HMF values of various crystalline Fe-Ge (Refs. 15—21) al-
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FIG. 5. Mean "Fe isomer shift (relative to pure Fe) at 22 K
vs Fe concentration. The leftmost point ( X ) is taken from Ref.
14.
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Fe 3d electrons. In amorphous Fe-Ge alloys, the iso-
mer shift and thus the Fe electronic structure is
inAuenced by the nature of the surrounding atoms as well
as by the volume that the Fe atom occupies. Although a
direct relation between isomer shift and electronic
configuration does exist, no such relation has been formu-
lated yet. Fateseas proposed an isomer shift-electronic
configuration diagram, where theoretical charge densities
of various configurations of Fe atoms were plotted
against the charge of the 4s electrons. However, to resort
to this diagram for the interpretation of the experimental
isomer-shift data requires a prior knowledge of the total
charge of the valence states.

In order to relate the isomer shift at the Fe nucleus to
the Fe electronic structure in the dilute Fe Ge& sys-
tem, we employed a model that was proposed by Miede-
ma and Van der Woude. This model can be expressed
in terms of two main parameters, introduced in describ-
ing the heats of formation of alloys. The first is charge
transfer from or to an atomic site due to the difference in
electronegativity (b4) of dissimilar atoms, the second is
the discontinuity in charge density which exists at the
boundary between dissimilar atoms. The last parameter
adds to the isomer shift, usually but not always through
intra-atomic conversion in order for the electron density
to be continuous at the boundary. To account for hybrid-
ization effects of the 3d band of Fe with the sp bands of
Ge, a third factor must be added. Applying the model to
amorphous Fe Ge, , the isomer shift in the dilute limit
can be described by

ID=P(4o, 4„,)+Q — „, +R,(n w's —n w's )

nws

where Ip represents the isomer shift in the dilute limit,
where Fe atoms are completely surrounded by Ge neigh-
bors, n ws and n ws are the electron densities at the boun-
daries of the two original pure atomic Wigner-Seitz cells,
and R is the hybridization factor.

The values of the constant P =0.75 and Q = —l.65 are
calculated by van der Kraan and Buschow, after plot-
ting experimental values of I0/b@ vs (hn /wnsws)/64
for Fe-based alloys where hybridization effects are absent.
By substituting the electronegativity values of 46,=4.93
V and 4„,=4.55 V, and the electron density values
nw's =5.» and nw's =2.75 as listed by Miedema and Van
der Woude, the first two terms are found to be equal to—0.285 mm/sec and 0.886 mm/sec, respectively. For
the calculated Ip to agree with the average experimental
value of 0.32 (see Fig. 5), the hybridization term must add
a value of —0.28 mm/sec. If one considers that the
transferred charge from Ge goes to the Fe 4s band, and
with i3I/dn4, = —2.0 (mm/sec)/electron, as estimated by
Walker, Wertheim, and Jaccarino, an isomer shift of—0.28 mm/sec corresponds to a charge transfer of 0.14
electron. The second term in the isomer-shift equation is
directly related to the filling of the Fe 3d band. It is
characterized by the intra-atomic 4s~3d charge conver-
sion. With dI/dn3d =0.2 (mm/sec)/electron as obtained
by Hamdeh, Fultz, and Pearson, this term corresponds

to 4s ~3d charge conversion of 0.40 electron. The
hybridization's main effect is to broaden the 3d band of
Fe and possibly to increase the Ge sp charge density at
the Fe site. However, the negative contribution to the
isomer shift by the hybridization term indicates an in-
crease in s-like electron density at the Fe nucleus as a
consequence of the 3d band expansion. The hybridiza-
tion effect on isomer shift is equivalent to the reduction of
3d electrons by 1.4 electrons. From the preceding
analysis the electron configuration of metallic Fe under-
goes the following changes upon alloying with Ge in the
dilute limit: The valence electrons increase by 0.14 elec-
tron as a result of charge transfer from Ge atoms, the 4s
electrons decrease by 0.26 electron, while the 3d electrons
increase by 0.4 electron.

According to this model, the contact surface plays an
important role as the boundary conditions change when
the atomic cells transfer from their elemental environ-
ment to the alloy. The larger the contact surface between
Fe and Ge atoms, the larger is the isomer shift. Conse-
quently, the mean values of the isomer shift should de-
crease as the contact surface concentration of Ge (C, ')
decreases with Fe concentration if the structure of the
amorphous alloys is homogeneous. This appears to be
the case only in the low Fe concentration range as shown
by Fig. 5. At higher Fe concentration when SRO phases
start to develop, the contact surface between an Fe atom
and Ge atoms depends more on the type of the evolving
SRO, rather than on Fe concentration. The observed
variation of the experimental mean values of the isomer
shift may suggest such development of SRO phases.

VI. CONCLUSION

The QS data indicate a continuous increase in the aver-
age coordination number with Fe concentration. In the
concentration range x &0.20, Fe atoms seem to occupy
the interstices of the random tetrahedal network of Ge.
For x &0.4, a11 hyperfine-field parameters suggest the
presence of significant SRO. The alloys were found to
contain amorphous phases with local order which resem-
bles the chemical SRO of some of the Fe-Ge intermetal-
lics.

From the concentration dependence of the average
HMF at 22 K, we were able to estimate the value of x, to
be around 0.40. It appears that x, coincides with the
lower limit of the concentration range when phases start
to form. This may suggest an association between the
nonmagnetic-to-magnetic transition and the evolution of
SRO. In this case, existing theories explaining this tran-
sition need to be reconsidered because they ignored any
correlation between the occupancies of the near-neighbor
shells of the Fe atom. Our QS data along with other
structural studies rule out the percolation limit to be the
cause of absence of magnetism below x, . The percolation
theories predict x, to be 0.42 if the coordination number
is equal to 4, which is inconsistent with our data. There-
fore, the absence of magnetism is the result of the disap-
pearance of Fe magnetic moments below x, . The model
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of Miedema and Van der Woude which includes charge
transfer, 4s~3d charge conversion, and hybridization
was used to analyze the isomer shift. Together with
HFM, the resulting analysis shows the Fe magnetic mo-
ment to be mainly influenced by hybridization and intra-
atomic charge redistribution.
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