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Screening effects on the quadrupole splitting in amorphous Fe-Zr alloys
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The screening by the conduction electrons changes the local symmetry of the charge distribution
as experienced by a local ' Fe probe nucleus. As a consequence the quadrupole splitting in an
amorphous alloy cannot be used as a characteristic feature of the structure for identification. The
concentration dependence of the quadrupole splitting in amorphous Fe-Zr alloys can be understood

by assuming a transition in the electronic structure, without the assumption of a structural transi-
tion. Further evidence for such a transition has been found in the literature.

I. INTRODUCTION

For the study of the local structure of amorphous a1-

loys a number of techniques are available. A very suc-
cessful microscopic technique is Mossbauer effect spec-
troscopy. Nowadays most of the local atomic structure
data has been obtained using this experimental technique.
In a previous paper we have shown how information can
be obtained from the isomer shift about the packing and
chemical interactions in amorphous alloys. ' In this paper
we will concentrate ourselves on the quadrupole splitting.

A commonly used method to determine the local struc-
ture from the Mossbauer spectrum is by comparing the
(average) values of the hyperfine parameters and their dis-
tributions with their respective values in crystalline al-
loys. It should be noted that this procedure is far from
unambiguous. Depending on the specific parameter that
an author wants to stress, he may conclude to a different
local structure. A clear example of this ambiguity is the
discussion in the literature about the local structure of
amorphous FeZr3.

However, the determination of the local structure from
the Mossabauer quadrupole splitting is not a trivial task.
The quadrupole splitting is directly related to the electric
field gradient (EFG). This field gradient is determined by
the asymmetry in the atomic and electronic structure.
These two contributions cannot be separated easily. But
it is obvious that they must be correlated since the atomic
structure is determined by the electronic structure and
vice versa. In a metal the problem generally is ap-
proached by splitting the total EFG in an ionic and an
electronic term

V„=(1—y„)V,',"'+V,", .

V,'," represents the contribution from the ionic charges
on the lattice sites. This contribution is amplified by the
Sternheimer antishielding factor y . V;,' is the contribu-

tion from the conduction electrons to the EFG. General-
ly the ionic term in (l) can be calculated in a straightfor-
ward way using lattice-sum techniques. However, the
electronic EFG is less accessible to calculations.

In 1975 Raghavan et al. proposed a so-called "univer-
sal" correlation between the electronic and ionic EFG.
Generally this correlation has been used to justify the in-
terpretation of changes in the quadrupole splitting in
amorphous alloys in terms of structural fluctuations,
neglecting variations in the electronic structure. Recent-
ly Vianden compiled the EFG data of the pure and
binary metallic systems for which presently the sign of
the EFG has been determined. He concluded that the
universal correlation is destroyed. It gives an
oversimplification of the contribution of the electrons to
the EFG. Therefore it is necessary to take into account
the electronic contribution to the EFG in a more detailed
way. In this paper we propose a method to do this for
amorphous alloys. The model is described in Sec. II and
the effect of this contribution on the quadrupole splitting
of clusters with and without chemical order is discussed.
In Sec. III we will discuss the experimental quadrupole
splitting in amorphous Fe-Zr alloys. Verma et al.
showed that in crystalline Fe-Zr alloys the Rahavan
coeScient is approximately 9. This shows that the EFG
in. these alloys is dominated by the electronic contnbu-
tion. Therefore we believe that the Fe-Zr alloys are a
good system to study the effect of the electronic contribu-
tion on the quadrupole splitting. Finally, in Sec. IV we
will show how the changes in the quadrupole splitting
can be related to variations in the electronic structure.

Ii. THEORY

In principle there are two approaches to calculate the
EFG at a nucleus in a metal. The first one is to take the
point-charge interaction of the ions at the lattice sites and
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add to this the interaction with the conduction electrons
which are described by their wave functions. The second
approach is to consider the conduction electrons as a col-
lective medium. Using pseudopotentials for the interac-
tion between the ions and dielectric-response theory it is
possible to obtain expressions for the electronic and total
EFG at the nucleus. Both these methods have been re-
viewed by Kaufmann and Vianden and Witthuhn and
Engel. Clearly the wave-function approach is not appl-
icable as far as the case of amorphous alloys is concerned,
since the wave functions in these alloys are not known.
Therefore we will use pseudopotential theory to calculate
the EFG.

SI (r, A, ) = A [3—p +3B(lnp+ y') ]
P

with

+ [3p +B (p —3)(lnp+ y') j p'
(6a)

2~ aoi~L

(1+mao/El )
(6b)

where n(EF) is the (free-electron) density of states at the
Fermi level and V is the molar volume. For Lindhard
screening we have

A. EFG model

We start with an Fe probe at the origin and an ion
with charge q at distance r embedded in an electron gas.
The total potential experienced by the probe atom can be
written as

8=
1+mao/A. L

y'=y+ ln2 ——,',
1 =2kf,

(6c)

(6d)

(6e)

4(r)=Ac(r)+4„(r) .

4c(r) denotes the bare (Coulomb) potential of the ion
and 4 (r) is the potential due to the screening electrons.
Using dielectric-response theory we can write for the to-
tal screened potential

4(r)= s(r, A, }+ .
1

4m to
' r

(3)

s (r, A. ) contains the screening term which depends on the
screening length A, . Then the electric field gradient can
be written as

where y=0. 5772156649. . . is Euler's constant. ao is

the Bohr radius and the Fermi wave number kf is defined

in terms of the effective number of free electrons per
atom Z' (Ref. 9),

N~Z*
k =3mF Vm

(6

where N„ is Avogadro's number.
When we have only free electrons the Lindhard screen-

ing length can be related to the Thomas-Fermi screening
length

3xixj r ~ij
u, = S(ri}

4~so r' (4) 2kTF

mao

SrF( r, ATF ) = ( 1+P+ ,'P )e—
e n{Ef)

~TF &O ~m

(5a)

(5b)

and the screening of the electrons is represented by the
term S(r, A, ).

The screening of a charge by a free-electron gas cannot
be calculated exactly from the free-electron dielectric
function. In the case that the screened potential is a
slowly varying function of r with respect to the intera-
tomic spacing we only have to consider the first few
terms of the Fourier expansion of the dielectric function.
This leads to the so-called Thomas-Fermi screening. A
different approximation of the screening is obtained by
making an asymptotic expansion of the dielectric func-
tion around its logarithmic singularity at k =2kf, where

kf is the Fermi wave vector. This approximation is
known as the Lindhard approximation. It must be
stressed that Thomas-Fermi screening cannot be con-
sidered as a limiting case of Lindhard screening. In fact,
they are approximations of the dielectric function at
different points.

In the simple case of Thomas-Fermi {TF)screening one
finds, with p = r /k,

Now the total EFG experienced by the nucleus at the ori-
gin due to the surrounding ions is

ions

u,", (0)=a(1—y„)g u,,(r„) .

We have written the antishielding factor as a(1 —y„).
y„ is the Sternheimer antishielding factor for the free
ion. In a metal the charge distribution around the nu-
cleus is almost neutral because of the strong screening.
The antishielding factor should be appropriate to this al-
most neutral charge distribution, and so is expected to be
larger than the free-ion value. ' This antishielding
enhancement is represented by the factor e.

The summation in (8) is calculated over the nearest
neighbors of the central Fe atom. In crystalline materials
with long-range order (LRO) this may lead to erroneous
results, but because of the absence of LRO in amorphous
alloys the symmetry of the next coordination shells be-
comes more spherical. As a consequence the contribu-
tion of these shells will be small. Also the introduction of
the screening term causes the lattice sum to converge
more rapidly. We also calculated the absolute value of
the quadrupole splitting only; this parameter can be ob-
tained readily from Mossbauer experiments, while the
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sign of the quadrupole splitting must be determined using
external magnetic fields.

B. Atomic model

We have used two different types of clusters to
represent amorphous structures. The first class of clus-
ters has been constructed using the algorithm of Finney
and Bennett" to construct a dense random packing of
hard spheres (DRPHS). The resulting clusters consisted
out of 1500 spheres with two different radii. The packing
fraction of the clusters was 0.65. Experimental values of
the packing fraction in a number of transition-
metal —metalloid alloys are in the range 0.65 —0.74. ' The
packing fractions of our DRPHS clusters are at the lower
boundary of this range. Expanding the cluster will lower
the packing fraction further.

The second category clusters have been constructed by
surrounding a central Fe atom with a crystalline cell.
The sites of this ce11 are randomly occupied by two
different point atoms. Next the radial distances are 5%
randomly distorted. This value is a reasonable estimate
of the broadening of the radial distribution function due
to the structural disorder. ' These clusters still have
some reminiscences of the original crystalline units by the
angular correlations which are conserved.

To characterize the atoms we have used the we11-

known Miedema parameters. In Table I we have listed
the relevant parameters for some elements. The ionic
charge is calculated assuming that

Both are constructed from the nearest-neighbor shell of a
fcc lattice with the nearest-neighbor distance 1 A; i.e.,
they consist out of 12 atoms, our central probe atom not
included. Standard cluster 1 is left undistorted and on
the sites we put randomly atoms A and B with charge
+e and —e respectively. The radial distances in stan-
dard cluster 2 are 5% distorted randomly and the sites
are occupied by atoms with charge e.

The contribution from the lattice distortion can be cal-
culated from standard cluster 2 and amounts
~b, E&"

~

=3.09 mm/sec. In a binary alloy this contribu-
tion is proportional to the average ionic charge. The lat-
tice contribution is independent of the composition, when

the average ionic charge is constant.
The chemical contribution is proportional to the

charge difference of the ions in the cluster. It has a max-

imum at the equiatomic composition of ~hE&"'
~

=10.17
mm/sec. This maximum merely reflects the maximum in

the probability to generate asymmetric clusters at this
composition.

In Fig. 1 we show the chemical and lattice contribution
to the quadrupole splitting in a distorted fcc-like cluster.
It must be noted that both contributions are of the same
order of magnitude. These contributions are not simply
additive, since the EFG due to the chemical disorder gen-
erally will not be along the same direction as the EFG
due to the lattice distortion. We can make a crude ap-
proximation to the total quadrupole splitting in a fcc-like
cluster with nearest-neighbor (NN) distance R NN:

qo(:)Nws V (9)
AE'"(x 5)

where V is the molar volume and N~s the Miedema
electronic density at the Wigner-Seitz cell boundary.
When the atoms are put together in an alloy the atomic
charge and their size change due to charge transfer. We
have corrected them using the model of Miedema and
Niessen. ' ' The atomic radii are calculated from the
partial molar volumes using a packing fraction of 0.65.
In the pseudocrystalline models the nearest-neighbor dis-
tance is the sum of these radii.

C. Computer simulations

with

(q ) =q„x/100+qz(1 —x/100),

0.6-

j [(q ) ~bE&"'(5)~ j +[bq bE&"' (x)~] I
'

3
(10)

(1 la)

For the moment we will neglect the screening term in

(4), i.e., we set S(r, A, ) =1. In general we can distinguish
two sources for the EFG. The first source is the lattice
distortion and the second one is the chemical disorder.
We will define two "standard" clusters to study these.

TABLE I:. (Bulk) Parameters of the pure elements. 4* and

Nws are the Miedema parameters [1 d.u. (density unit) is ap-
proximately 4.7)&10 e/cm ], V is the molar volume, and qo
is the ionic charge calculated from Xws.

04-0
Ql
tl)

E
E

0.2
UJ
cg

0.0
0
Fe

20 40 60 80 100
x (at% Zr j Zr

Element

Fe
ZI
Hf
B

4.93
3.40
3.55
4.75

&ws
(d.u. )

5.55
2.69
2.92
3.72

V
(cm')

7.10
14.10
13.60
4.60

qo
(e)

3
3
3
1.3

FIG. 1. Quadrupole splitting in a distorted fcc cluster of
0

nearest neighbors with nearest-neighbor distance R NN =2.74 A,
q~ =3e, q&

= 3.5e, and distortion 6=0.05. One should note that
the chemical contribution increases due to the increase of the
average charge only. (a) Chemical contribution, (b) contribu-
tion due to the lattice distortion, and (c) total quadrupole split-
ting (solid line); the dashed line is explained in the text.
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hq=q~ —
q~ . (1 lb) 0~4, I s

l & l
i l

I Z

q~ and q~ are the ionic charges of atom A and 8, respec-
tively and x is the concentration of atom A. ~b,E&"(5)~
and ~hE&"' (x)~ are calculated using the previously de-
scribed standard clusters; 5 gives the distortion of the ra-
dial distances (5=0.05 in standard cluster 2). In fact,
(10) states only that we have two uncorrelated contribu-
tions to the total quadrupole splitting: one from the lat-
tice distortion, which is proportional to the average ionic
charge, and a second from the chemical disorder, propor-
tional to the charge difference only. In general these con-
tributions will be correlated, since the lattice distortion
will inliuence the chemical term, too. In Fig. 1(c) the to-
tal quadrupole splitting in a fcc-like cluster of 12 atoms is
shown. The dashed curve has been calculated using Eq.
(10). It is seen that this curve is a reasonable description
of the simulated points. This means that the correlation
between the chemical and the lattice term is small.

Now consider the inhuence of screening on the quadru-
pole splitting. We have calculated the quadrupole split-
ting in a distorted fcc cluster of Fe- and Zr-like atoms,
using Lindhard screening and Thomas-Fermi screening
with Z*=1, 2, and 3. The respective screening lengths
have been calculated from (6fl and (7). The molar volume
and the ionic charges were corrected for charge transfer.
The results are shown in Figs. 2 and 3. In the Thomas-
Fermi case the qualitative behavior of the composition
dependence of the quadrupole splitting flattens with in-
creasing screening, but it does not change dramatically.
In the Lindhard case the characteristics of the composi-
tion dependence change completely, depending on the
effective number of free electrons per atom. The quadru-
pole splitting is dominated by the contribution of the con-
duction electrons. The ionic charges are screened
effectively and become almost "neutral. " As a result the
quadrupole splitting is not dominated anymore by the
chemical disorder but by the lattice distortion or, more
precisely, by the variation of the nearest-neighbor dis-
tance with composition.

Finally, we will consider the effect of screening on the
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FIG. 2. Quadrupole splitting in an amorphous fcc nearest-
neighbor cluster with Thomas-Fermi screening for different
values of the effective number of free electrons Z*.
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quadrupole splitting and asymmetry parameter of a num-
ber of clusters with chemical order. As an example we
will take Fe3B. Tegze et al. have calculated the density
of states for this alloy in different structures. They con-
cluded that the electronic structure is not sensitive to
minor changes in the atomic positions, but that it de-
pends strongly on the local order. ' The structures they
used were, respectively, the body-centered Ni3P struc-
ture, the orthorhombic Ni38 structure, the bcc-like
Fe3A1, and the fcc-like Cu3Au structure.

We have calculated the quadrupole splitting in the
nearest-neighbor clusters surrounding the Fe sites in
these structures. The original chemical short-range order
was conserved, i.e., the sites in the cluster were not occu-
pied in a random way. For the ionic charges of the Fe
and B atoms the values of Table I have been used. The
charge transfer between Fe and B was found to be negli-
gible. To account for the electronic contribution to the
EFG we have used Lindhard screening, with antishield-
ing enhancement factor a =6.1. This is a representative
value for the antishielding enhancement as we will see in
the next paragraph. We have taken the value Z* =2 for
the effective number of free electrons per atom, in accor-
dance with the values for Co»P, 9 and Ni»P, 9 proposed
by Eposito et al. This gives for the screening length
A,L =0.277 A.

The results of the calculations are shown in Table II.
The effect of the conduction electrons is not a simple
amplification factor of the ionic contribution, as is as-
sumed by the universal correlation. Both the sign and
magnitude of the quadrupole splitting are affected, as
well as the asymmetry parameter g. From these results
we conclude that the charge asymmetry as experienced
by the central probe atom is changed by the screening
charge of the conduction electrons. When we compare
the results for the different clusters we see that the
change depends strongly on the local order around the
probe atom. It can be concluded that a comparison be-
tween the sign and magnitude of the quadrupole splitting

0 & I s I i l

0 20 40 60 80 ~00
Fe x(ot.% Zr j Zl

FIG. 3. Quadrupole splitting in an amorphous fcc nearest-
neighbor cluster with Lindhard screening for different values of
Z*.
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TABLE II. Quadrupole splitting hE& and asymmetry parameter ri in a number of nearest-neighbor clusters with chemical order,
without screening and with Lindhard screening with screening length A, L =0.277 A. All hE& are in mm/sec. (o indicates ortho-
rhombic and bct indicates body-centered tetragonal).

Structure
site

bct (Ni3P)
2

o (Ni3B)

DER g EEL g AEg g b Eg r] b Eg

bcc
1 2

EEg AEg

fcc
1

No screening
Lindhard

—0.52 0.09
—0.31 0.85

+0.88 0.80 —0.45 0.92 —0.81 0.78 —0.66 0.44
+0.58 0.75 +0.40 0.64 +0.38 0.94 —0.66 0.32

+ 1.45 0
+073 0

and asymmetry parameter in crystalline and amorphous
alloys is meaningless when the differences in the electron-
ic structure are not considered as well.

III. AMORPHOUS Fe-Zr ALLOYS

Now let us consider the quadrupole splitting in amor-
phous Fe-Zr alloys. Amorphous ribbons of approximate-
ly 1 mm wide and 20 pm thick have been prepared by
means of melt spinning in an atmosphere of purified ar-
gon. This amorphous layers of about 5000 A were pro-
duced by two source coevaporation of Fe and Zr onto an
quartz or aluminum substrate in UHV equipment. ' The
noncrystallinity of these samples was confirmed by x-ray
diffraction.

The quadrupole splitting in these alloys was deter-
mined by measuring the room-temperature Mossbauer
spectra. The spectra were recorded using a conventional
constant-acceleration-type spectrometer with a moving
source ( Co in Rh) and a stationary absorber. To elimi-
nate substrate effects and to reduce the measuring time
we used conversion-electron Mossbauer spectroscopy
(CEMS) to obtain the spectra of the thin films. Some
films were measured also in transmission geometry, but
the spectra were identical to the CEMS spectra. To ana-
lyze the spectra the Fourier-deconvolution method of
Vincze' ' was used.

In Fig. 4 the Mossbauer spectra and resulting distribu-
tion functions are shown. In Fig. 5 we show the average
absolute quadrupole splitting deduced from these distri-
bution functions. The isomer shift has been discussed in
a previous paper. ' It can be seen from Fig. 5 that there is
no systematic difference between the quadrupole splitting
of alloys produced by melt quenching and by coevapora-
tion. Therefore we will make no distinction between
these samples. In Fig. 5 we have included also the quad-
rupole splitting in a number of amorphous Fe-Hf alloys.
This system follows the same trend as the Fe-Zr alloys.
This is not surprising since Zr and Hf are very similar as
far as their atomic parameters are concerned (see Table
I).

Let us first neglect the screening by the conduction
electrons. In Fig. 6 we show the quadrupole splitting in a
number of nearest-neighbor clusters. It can be seen that
the quadrupole splitting scales with the number of
nearest neighbors. The qualitative behavior is in all cases
the same. One should note also the correspondence in
the quadrupole splitting of the DRPHS clusters, which is
not a point-charge model and the pseudocrystalline fcc-
like cluster of point charges. Due to the chemical disor-
der the composition dependence is a smooth convex func-

p (a)
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FIG. 4. Room-temperature Mossbauer spectra and quadru-
pole splitting distribution functions of amorphous Feioo „Zr„
alloys.

tion. The slow decrease of the quadrupole splitting is due
to the increase of the nearest-neighbor distance and the
decrease of the charge difference with increasing Zr con-
tent. It is clear that we cannot explain the experimental
quadrupole splitting when we neglect the screening,
without assuming a structural transition.

However, we have seen in Sec. II that the introduction
of Lindhard screening completely changes the concentra-
tion dependence of the simulated quadrupole splitting.
To simulate the quadrupole splitting in amorphous Fe-Zr
alloys we used a distorted fcc-like nearest-neighbor clus-
ter around a central Fe atom. To obtain an average the
quadrupole splitting was calculated over 1000 difFerent
clusters.
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the experimental quadrupole splitting, and that is in ac-
cordance with this condition is

0.6- 00
0 ~0

1.44x„,+2.36x „x,&55

2.66 „,+ .36 „,o55 . (13)

/ a

J'a
4

4
4 g 0

I

0.2
Fe

20 40 60 80

X (at% Zr/Hf)

100
Zr/Hf

FIG. 5. Average quadrupole splitting of amorphous
Fe ]oo Zr ( 0 6 ) and Fe &oo Hf (~ ) alloys. Alloys indicated
with (O,~ ) have been prepared by melt quenching; alloys indi-

cated by (6 ) have been produced by coevaporation.

xz, and xz, are the atomic concentrations of Fe and Zr,
respectively.

In Fig. 7 we have plotted Z* and the resulting values
for 2kf. It can be seen that the values of 2kf lie within

the range defined by (12). One should be aware that the
values of Z* and a are heavily correlated. Within the ex-
perimental accuracy the quadrupole splitting can be
reproduced using different values for Z* and a. Howev-

er, then it is not possible to fulfill (12) over the whole con-
centration range. In Fig. 5 we have plotted the resulting
quadrupole splitting, using a=6. 1. The fit to the experi-
mental points is satisfying. Furthermore, the value of a
is in good agreement with the values used by Sholl' and
Nishiyama.

IV. DISCUSSION

The problem we are irnrnediately confronted with is to
make a reliable estimate for the effective number of free
electrons per atom Z*. We cannot deduce Z' directly
from the experimental quadrupole splitting, since we also
have to determine the antishielding enhancement factor
a. However, some information about Z* can be deduced
from resistivity measurements. Buschow et al. have in-
vestigated the temperature coefficient of the resistivity
(TCR) in amorphous (Fe, Co, Ni)-Zr alloys. ' They
found that all these alloys had a negative TCR in the
high-temperature limit. The diffraction model for liquid
alloys predicts a negative TCR when Qz =2kf, where Q~
is the principal maximum in the x-ray interference func-
tion. In amorphous alloys this peak is rather broad, so
Buschow et al. proposed a somewhat relaxed condition
for a negative TCR (Ref. 19)

2kf =Q +02 A (12)

0.6—

E 0.5
E'

LLj
aQ
a

f
gL
c
bg

02—

0
Fe

Og

I I I I

20 40 60 80 100
x(at% Zr) Zr

FIG. 6. Average quadrupole splitting in simulated amor-
phous nearest-neighbor clusters without screening: {a) tetrahed-
ron, (b) bcc with 8 neighbors, (c) bcc with 14 neighbors, (d) fcc,
(e) dodecahedron, and (f) DRPHS cluster.

A simple choice for Z' that reproduces the behavior of

Before we discuss the quadrupole splitting in more de-
tail, we would first like to mention the changes in the
electronic structure, concluded from isomer shift data, '

because at first sight the two data might seem contradic-
tory. From the isomer shift data we found an increasing
number of s electrons at the Fe nucleus, when the Zr
content increased, This means that an Fe atom is receiv-
ing more charge from an increasing number of Zr neigh-
bors. It is just the electronic structure of this neighbor-
hood, that is observed with the quadrupole splitting. The
charge at a Zr atom is thinner than at an Fe atom. So the
surrounding electron density, or the effective number of
free electrons, which is more and more determined by the
Zr atoms, decreases as a result of the thinner electron
clouds at Zr atoms. Thus the information obtained from
isomer shift and quadrupole splitting, is different with
respect to the concentration dependence of the electronic
structure. With the isomer shift we keep looking at the
Fe atoms, whereas with the quadrupole splitting we ob-
serve a change from an Fe to a Zr surrounding.

We showed that the steep increase of the quadrupole
splitting from 60 at. %%uoZrcanb eexplaine dassumin g that
the effective number of free electrons first increases up to
55 at. % Zr and then decreases. Due to the growth of the
molar volume with increasing Zr content the Lindhard
screening length 1/2kf is nearly constant up to 55 at. %
Zr (see Fig. 7, upper line). This results in the quadrupole
splitting being nearly constant also. In the alloys with
more than 55 at. % Zr the number of screening electrons
diminishes and the screening length increases (Fig. 7).
Consequently the quadrupole splitting increases with in-
creasing Zr content.

The calculations have been done using an fcc-like
nearest-neighbor cluster that is statistically disordered.
In amorphous Trn-Trn alloys the structure is close packed
and the coordination numbers are of the order of 12. So
one may expect the fcc-like psuedocrystalline cluster (or
the DRPHS cluster) the most realistic results. We could
have used other pseudocrystalline clusters or a DRPHS
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Fermi level first increases with Zr content and that it de-
creases with Zr content in Zr-rich alloys. Also the
specific-heat measurements of Onn and Matsuura
show that the d-electron density of states at the Fermi
level decreases with increasing Zr content between at
least 70 and 80 at. % Zr. If one accepts this correlation,
one is leaded to an interpretation of Z' as the number of
electrons right at the Fermi surface. This interpretation
differs from that of Eposito et al. who interpreted Z* as
the integrated free-electron component of the density of
states at the Fermi level.

V. CONCLUSION

1.5

s I i I I I i I s

0 20 40 60 80
Fe X(at%Zan)

100
ZR

FIG. 7. Effective number of free electrons per atom Z*
(lower line) and 2kf (upper line) in amorphous Fel00 Zr„; the
dashed lines indicate the region for 2kf in which a negative
TCR can be expected.

cluster, but the results would have been essentially the
same apart from the value of the antishielding enhance-
ment factor a.

A more serious limitation of the model is that in the
derivation of the dielectric function we assume that we
have a spherical Fermi surface. It is also assumed that
this surface can be described with only one wave vector
k+. This certainly is not true since in amorphous alloys k
is not a good quantum number, because of the lack of
translation symmetry. One can amend these limitations
by including in the dielectric function exchange and
correlation terms and by evaluating it at a temperature
different from 0 K; this will give a distribution of kf
values.

Finally, it is interesting to note that the total density of
states demonstrates a similar behavior as the effective
number of free electrons Z*. Neddermeyer and Paul
have measured the d-electron density of states using ul-
traviolet photemission spectroscopy. They find that in
Fe»Zr9 this density of states is increasing up to the Fermi
level, while in Fe33Zr$7 and Fe25Zr75 it reaches a max-
imum somewhat below the Fermi level. ' From this, one
may conclude that the d-electron density of states at the

Finally, we conclude that we have shown that the con-
centration dependence of the quadrupole splitting in
amorphous Fe-Zr alloys can be understood without as-
suming a structural transition. We only had to assume a
transition in the electronic structure. Some evidence for
this has been found in the literature from specific heat
and ultraviolet photoemission spectroscopy experiments.

We have also seen that the sign and magnitude of the
quadrupole splitting and asymmetry parameter in clus-
ters with strong chemical order is affected by the conduc-
tion electron contribution to the EFG. The precise effect
cannot be predicted in a simple way and depends strongly
on the local order. We conclude that one cannot obtain
structural information from the Mossbauer quadrupole
splitting in amorphous metals, without additional infor-
mation about the electronic structure. Therefore one has
to be very careful to use the quadrupole splitting as a
"fingerprint" of the structure, by comparing the values of
amorphous alloys with those of crystalline alloys with a
known structure.
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