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The electronic structure of clusters containing 15 atoms which represent substitutionally disor-
dered Fe T& alloys is obtained with the discrete variational method and the local Xa approximation
to the exchange interaction. Local magnetic moments and isomer shift values are derived, and their
variation with local lattice compression calculated. Similar studies are done for ternary bcc P-
TiZr(Fe) alloys, and existing Mossbauer data interpreted with our theoretical results.

I. INTRODUCTION

A nonmagnetic transition-metal host may form solid
solutions in which some atoms in the lattice sites are ran-
domly substituted for by a magnetic impurity. In such
cases, many questions arise as to local electronic proper-
ties at the impurity site, as well as perturbations caused on
the host, and these have been the subject of much experi-
mental and theoretical investigation. Among the experi-
mental techniques well suited to the study of local proper-
ties is Mossbauer spectroscopy, which allows measure-
ments of hyperfine interactions between the probe nucleus
and its electronic environment. The most convenient
Mossbauer probe is Fe, and thus this technique has been
widely employed to study Fe alloys in the dilute or con-
centrated limits.

The solubility of Fe in P-Ti (bcc structure) can be ex-
tended to as much as 35 at. %, by the use of a "splat-
quenching" technique, ' forming a phase in which Fe
substitutes randomly for the Ti atoms of the host. X-ray
diffraction studies, although they can give information on
the changes in the average lattice parameter with the con-
centration of the solute, ' do not show, however, whether
any local order is present, or whether local distortions
around the solute atoms exist. Mossbauer hyperfine in-
teractions may give some clues to answer such questions,
and reports have been given of extensive studies of
Mossbauer spectroscopy of P-Ti(Fe) alloys at several con-
centrations, in which isomer shifts (Iz) and quadru-
pole splittings (b,Et2) were measured.

Since such hyperfine interactions are related to the elec-
tronic environment of an Fe atom, electronic structure
calculations of the Iz and hE~ would be valuable to ex-
tract what information these parameters can give. The
work described in this paper is aimed at investigating the
electronic and magnetic properties of dilute Fe solutions
in P-Ti and related alloys. Iz and hE~ values are calcu-

lated and related to the electronic and structural proper-
ties.

The theoretical approach that we have used for this
problem is to calculate the electronic structure of 15-atom
clusters that represent the alloys, using the first-principles
self-consistent discrete variational method. Complete
band-structure calculations of dilute alloys are extremely
time consuming because of the large number of atoms to
be included in the unit cell; on the other hand, the cluster
model has been used lately in several cases, with very
promising results, to study the properties of metals and al-

ys 8 ' 1 1

In a previous paper' - we have reported results of cluster
calculations for Fe metal, TiEe alloys, and the intermetal-
lic compound TiFe. We have successfully predicted the
ferromagnetic coupling in Fe and the antiferromagnetical-
ly coupled moment which is observed in dilute Ti impuri-
ties in Fe. The Is of Fe at different lattice constants
correlated very well with the experimentally observed
dependence with pressure, and the calculated I& in' TiFe
compares very well with the measured value.

In view of these encouraging results and of the wealth
of data on P-Ti(Fe), we have extended our calculations to
these alloys. Since quadrupole splittings are observed, we
have calculated AE~ values for clusters representing al-
loys in which a field gradient would occur. To our
knowledge, this is the first report of calculations on field
gradients due to impurities in metals, within a first-
principles cluster model.

Ternary alloys of the type P-TiZr(Fe) were investigated
by Mossbauer spectroscopy, since it was discovered that
the addition of Ti was necessary to retain the P-Zr(Fe)
phase by quenching. ' The physical problem posed by the
substitution of a 3d transition element atom by a 4d atom
in the binary alloy P-Ti(Fe) attracted our attention, and so
we have extended our calculations to cluster models for
this case.
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II. THEORETICAL METHOD ii7

A. Electronic structure calculations

Different densities at point r for different spins may be
obtained by allowing the spacial orbitals PJ., and P~, to
have different shapes for different spins, in addition to the
contributions of unpaired spins.

The actual electron charge density is replaced by a
model density p„,(r), which is a superposition of radial
densities centered on the cluster atoms v, weighted by the
Mulliken' populations P„~ of the orbitals

p...(r ) = g I',"~ t, &,"i(r )
~

v, n, l
(3)

The model potential derived from this density is expect-
ed to be well suited for compact structures such as are
present in metals; for directional bonds or general cases of
highly anisotropic charge distributions, a more exact fit to
the molecular charge density, obtained through a multipo-
lar expansion of p(r), is necessary for more precise re-
sults. "

The molecular spin orbitals P; are expanded on a basis
of numerical atomic orbitals [linear combination of atom-
ic orbitals (LCAO) approximation]. We have used spheri-
cal potential wells around the atoms to obtain more con-
tracted valence orbitals, which include 3d, 4s, and 4p for
Fe and Ti, and 4d, 5s, and 5p for Zr. One finally solves
the usual secular equations self-consistently. The matrix
elements of the Hamiltonian and overlap matrices are ob-
tained by numerical integration. In the usual DVM, a
random integration method ("diophantine")' is em-
ployed; however, in the case of hyperfine interactions, the
calculations require much greater caution in the numeri-
cal procedures, especially at the core region of the probe
atom, where precision of matrix elements for the rapidly
varying functions is difficult to achieve. Thus a special

In Fig. 1 we show the cluster containing 15 atoms
which was chosen to represent the alloys with bcc struc-
ture. The electronic structure calculations were per-
formed with the first-principles discrete variational
method (DVM), which has been described in detail else-
where. ' ' The local Xa approximation for the exchange
interaction was employed. ' We have used the DVM
method in our previously reported calculations' on Fe
and TiFe alloys, and here we follow the same general pro-
cedure.

The basic problem is to solve self-consistently the one-
electron eigenvalue equations, in which the Hamiltonian is
a functional of the electronic density at some point r.
The exchange potential is given by (in Hartree units)

1/3
3p (r)

. Vx (p )= —3a (1)
4~

and the value o, = —, was employed. ' The Coulomb po-
tential in the Hamiltonian includes nuclear and electronic
components, and the density is constructed as a sum over
the molecular spin orbitals PJ with occupation n~:

p ( )r=gn, ~P, (r)~'.

Q CENTRAL ATOM

NEAREST NEIGHBORS (NN)
B NEXT NEAREST NEIGHBORS

(NNN)

FIG. 1. Cluster of 15 atoms representing bcc alloys.

integration scheme has been derived, and used within a
sphere of radius -2 a.u. involving a systematic polynomi-
al integration in three dimensions. ' '

The 15-atom cluster is embedded in the solid by consid-
ering numerical atomic potentials at a number of sites sur-
rounding the cluster. These potentials are truncated to
simulate orthogonality effects. '

Is = Ze ( b, ( r ) )S'(Z) [p(0)~ —p(0)s ]3

or

Is =a[p(0)a p(o)s] .

a is often referred to as the Is calibration constant. In
Eq. (4), Z is the nuclear charge of the probe atom, A(r )
is the difference of the mean-square nuclear radius be-
tween the excited and ground states of the nuclear
Mossbauer transition (14.4 keV for Fe), and S'(Z) is a
correction for relativistic effects.

In the single-particle approximation, the total electronic
density at a nucleus is given by the sum of p, (0) and p, (0),
as defined in Eq. (2). Only the molecular orbitals belong-
ing to the totally symmetric representation will have am-
plitude different from zero at the origin.

As explained in Ref. 12, we have neglected the ls and
2s contributions, since differences in p(0) for these orbitals
in different environments are negligible.

The quadrupole spli'tting AE~ of the I= —, excited
state of Fe of the 14.4-keV transition is given by

EEg ———,eQ V~

for the case of axial symmetry. The field gradient V has
contributions from the electrons and the other nuclei sur-
rounding the probe nucleus. In the orbital approximation:

V =QZk
2 2

3Z —T
~,.)k

—x,.(~,.
ia

B. Mossbauer isomer shifts and quadrupole splittings

The isomer shift of an absorber A relative to a source 5
in a Mossbauer spectroscopy measurement is given by
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The electronic matrix elements require careful evalua-
tion, since the final value results from a delicate balance
between positive and negative terms. Once the molecular
spin orbitals P;~ are expanded on the LCAQ basis, one-,
two-, and three-center integrals over atomic orbitals ap-
pear. The one-center terms are straightforward, since
they are the product of the eigenvector coefficients and
the atoinic (r ) integral. The two- and three-center in-
tegrals require special integration methods described else-

III. RESULTS AND DISCUSSION

A. Fe as a dilute impurity in the Ti host

In Table I we show results relative to the case of a very
dilute solution of Fe in bcc Ti metal, represented by a
cluster such as depicted in Fig. 1, in which the central
atom is Fe and all others are Ti. The clusters are embed-
ded in a Ti lattice. Results for Feis, which have been pre-
viously reported, ' are repeated here for the sake of com-
parison.

The lattice parameter of P-Ti is 3.29 A, as extrapolated
to room temperature, ' and this would be representative
of the dilute limit, if no local distortions were present.
The results for this case show that a large moment on Fe
is retained, larger than in Fe metal, and a small moment is
induced in the surrounding Ti atoms, coupled antifer-
romagnetically to the Fe. The moments in Table I, as for

all cases presented further on, were calculated as the
difference in the Mulliken population' for spin g and
spin t electrons (3d, 4s, and 4p). For this P-Ti interatom-
ic distance, the Fe atom's moment is almost unaffected by
the metal in which it is embedded, having a somewhat
similar behavior to a Van Vleck ionic moment.

We have also done self-consistent calculations decreas-
ing uniformly the lattice parameter for the cluster atoms
and surrounding atomic potentials, representing in a sim-
ple way a local compression around the Fe atom. A
dramatic effect on the moment is observed, which de-
creases and finally collapses to zero. Mossbauer spectros-
copy studies in the presence of a magnetic field seem to
indicate a zero or very small magnetic moment on Fe in
dilute P-Ti(Fe). Thus the results of our calculations sug-
gest that a lattice compression around the impurity takes
place. Indeed, recent experiments with extended x-ray ab-
sorption fine structure (EXAFS) spectroscopy make pos-
sible the observation of local distortions around impurity
atoms in metals, and the few cases reported show a shor-
tening of the nearest-neighbor (NN) distance around a
smaller impurity atom when it is substituting a metal
atom with a larger atomic radius. The largest distortion
observed so far with EXAFS was about —0.13 A, for Cu
impurities in Al. We cannot make an exact prediction of
the distortion which would actually suppress the Fe mo-
ment entirely, for two reasons. First, we have modeled
the compression around the impurity by decreasing uni-
formly all interatomic distances, when actually the NN

TABLE I. Magnetic moments and isomer shifts calculated at the central Fe atom in Fe», FeTi&4, and FeTi8Fe6 clusters.

Cluster

Feis'

Lattice
parameter

(A)

2.866 2.80 3.39'

p(0)
{ao )

3s 139.93
valence 6.53

146.46

Is
(calc.}

(mm/s)

0

Is
(expt. )

(mm/s)

FeTi~4 3.29 3.52 —0.69 3s 140.40
valence 5.43

145.83

+ 0.16

FeTi)4

FeTi~4

3.18

3.06

2.98

1.42

—0.60

—0.32

3s 140.28
valence 5.88

146.16

3s 140.16
valence 6.48

146.64

+ 0.08

—0.05
—0.24'

FeTiIg 2.866 0.06 —0.01 3s 140.00
valence 7.73

147.73

—0.32

FeTi8Fe6
(CsCl)

2.95 2.09 —1.58 3s 140.01
valence 7.04

147.05

—0.148 —0.145'

'Results from Ref. 12.
Equilibrium lattice parameter of P-Ti; see Refs. l and 2.

'From Refs. 2 and 5.
From Ref. 26.



31 ELECTRONIC STRUCTURE AND MAGNETIC AND HYPERFINE. . . 1517

distance will be more affected, the next-nearest-neighbor
(NNN) distance less, and so on .The second reason refers
to our study of the pressure effect on the magnetic mo-
ment of Fe metal, ' a clear-cut case in which our theoreti-
cal results could be compared directly to experimental
measurements. We found that our 15-atom cluster calcu-
lations give moments somewhat higher than those found
experimentally, and although we obtained the right trend
for the behavior of p„, with the shortening of the lattice
parameter, the calculated moments showed a decrease
which was less pronounced than what is actually ob-
served.

We may compare this case of a Fe impurity in the non-
magnetic Ti metal to the inverse case which we have pre-
viously studied, ' that is, a Ti impurity in Fe metal. The
latter calculations show a large moment on Ti, which is
observed experimentally by neutron scattering. It is
driven by the magnetic lattice and is coupled antifer-
romagneticaBy to it. In the present case, the results show
that the Fe atom will preserve its moment in the Ti non-
magnetic lattice if it is sufficiently isolated. However, any
reduction in impurity-neighbor distance will have a strong
effect towards suppressing the moment. The recently re-
ported EXAFS measurements of NN distances of impuri-
ties tend to support the hypothesis of a contraction, reduc-
ing or suppressing the magnetic moment on the Fe atom,
since its atomic radius (1.26 A) is considerably smaller
than Ti (1.47 A).

Figures 2 and 3 show the local density of states (DGS)
diagram for Fe in FeTi&&, at lattice parameters 3.29 and

0
2.87 A. These diagrams have the spin g and spin g DOS
normalized to constant peak height, and are obtained by
broadening the discrete energy levels of the cluster by
Lorentzians, to simulate a continuum. Once again, the
disappearance of the magnetic moment on Fe with lattice
compression is made clear.

We now comment on the values of the Iz at the Fe
atom, relative to Fe metal. The measured value extrapo-
lated to the dilute limit is approximately —0.24 mm/sec
relative to Fc metal. ' %'e observe that the theoretical
value at 3.29 A is not compatible with the experimental
value, indeed it has even the wrong sign. The I~ values
were calculated using Eq. (5), with a= —0.25ao (mm/s),
the value derived from our previous calculations for Fe
metal at different pressures, ' and which also agrees with
the best estimates previously reported. ' As the lattice
parameter is shortened, the Iq values decrease and become
negative, through the increase of the valence contribution.
The valence contribution is augmented at shorter dis-
tances due to the so-called "overlap distortion, " which
means that the orbitals of a~ symmetry distort towards
the nucleus since they have to be orthogonal to the core
orbitals of the neighbors. Charge transfer from the Ti
neighbors into the Fe valence orbiials also takes place, as
can be expected due to the difference in the Pauling elec-
tronegativities (1.8 for Fe, 1.5 for Ti). However, we have
found that it does not change much with the interatomic
distance. For the four cases in Table I we find an average
value of 0.28+0.07 transferred electrons, as calculated
with Mulliken populations.

Since our previous investigation on Fe metal and TiFe
alloys gave excellent results regarding the I&, we are more
confident to suggest that, to match the experimental num-
ber, a large compression around the Fe atom must take
place; more precisely the NN distance to the Fe atom
would have to decrease by 0.31 A (lattice parameter for
the cluster=2. 93 A). This prediction is somewhat handi-

Xl

V)
I

~ -lO

V)
4
C)

CA

UJ
Cl

5 ENERGY {eV)

a

4
O

t—
M

QJ

ENERGY {eV)

FIG. 2. Local density of states (including 3d, 4s, and 4p
components) of the central Fe atom in the FeTil4 cluster, at lat-
tice parameter a=3.29 A.

FIG. 3. Local density of states (including 3d, 4s, and 4p
components) of the central Fe atom in the FeTi&4 cluster, at lat-
tice parameter a =2.87 A.
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capped by the simple model of uniform compression, as
mentioned before, but it is compatible with both the Iz
and the magnetic moment.

The last entry in Table I (FeTisFe6) is for results of cal-
culations reported in Ref. 12 for the 50-50 at. % com-
pound TiFe (CsC1 structure), and is shown for comparison
with the dilute FeTi case. Since for this dilute impurity
we have predicted an interatomic distance around the im-
purity approximately of the same order as in the TiFe
compound, the higher p(0) and lower Iz for the impurity
at the same lattice parameter is consistent with the higher
charge transfer, into the Fe valence orbitals, from the
many shells of Ti atoms surrounding the impurity.

B. P-Ti(Fe) at higher concentrations
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The bcc phase P-Ti(Fe) with substitutional disorder is
retained at room temperature by quenching techniques, at
concentrations ranging from 0 to 22 at. /o Fe.' I~ and
hE~ values have been measured in this range of concen-
trations. ' The hE@ shows a surprising behavior, since it
almost does not vary with concentration, having a value
around 0.2 mm/s, and also does not vary with the tech-
niques used in the preparation of the sample. - The I& is
lower than for the compound TiFe, having a value around
—0.16 mm/s for concentrations between —12 and 22
at. % Fe, and decreasing further for more dilute cases. '
A value around —0.24 mm/s may be extrapolated in the
dilute limit.

A mechanism has been proposed in which a locally or-
dered solid solution is obtained in 13-Ti(Fe), in which the
Fe atoms attract Ti atoms preferably, so that eventually
each Fe atom is entirely surrounded by Ti first neigh-
bors. ' This local order, among other considerations, was
proposed on the basis of a stronger force constant derived
for Fe-Ti pairs, compared to Ti-Ti.

In this work we have tried to reproduce with our clus-
ters some situations that may occur when the Fe concen-
tration is increased, so that some general effects may be
derived. These may be divided in two main categories,
that is, Fe atoms forming clusters with the central atom,
by substituting one or more Ti first neighbors, or Fe
atoms substituting only Ti second neighbors. It is clear,
however, that a large number of possible types of cluster-
ing and even lattice distortions may occur in such a com-
plex substitutionally disordered solid solution, and we do
not attempt to solve the problem in its whole complexity.
For all these calculations the clusters are embedded in the
Ti lattice.

In Table II we give results for the cases studied of the
Fe(FeTi7)Ti6 clusters, in which one first-neighbor Ti atom
has been substituted for Fe. The results show that one Fe
next neighbor does not have much influence on the Is at
the central Fe, especially at distances of the order of the
Ti lattice distance. The AE~ is positive (+ 0.29 mm/s) at
the Ti lattice parameter 3.29 A, and increases for
corn pressed distances.

We point out, however, that the precision with which
we can derive the Iz, which is quite high as seen in Ref.
12, is not matched by the AE calculations. In the latter
case we have observed that, as the symmetry is lowered to
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C3 p' even for the FeTi &4 cluster a spurious field gradient
builds up, due to accumulation of numerical errors. We
conclude that, although the order of magnitude and the
trends of our b.Eg are certainly correct, the absolute
values may have uncertainties, which we estimate as being
as high as -50% in some cases. So we conclude that to
match the experimental I~ values a contraction would
have to take place if these configurations are present, and
in this case, such type of clustering would produce a posi-
tive field gradient. The rather large predicted AE~
0.4—0.6 mm/s suggests that nearest-neighbor clustering is
not very frequent, in agreement with the model of Galvao
da Silva. ' Unfortunately, the sign of b.E~ has not yet
been measured.

0

The two entries in Table II for lattice parameter 3.13 A
differ by having a uniform lattice parameter in the first
case (including the outer atoms of the cluster embedding),
and in the second case, Inaintaining a lattice parameter of
3.29 A, which corresponds to P-Ti, for the atoms exterior
to the cluster. It is seen that the influence of the position
of the exterior atoms is small.

As for the magnetic moment on the central Fe atom,
comparison with the numbers in Table I shows that no
significant changes are induced by the presence of an Fe
first neighbor,

In Table III we give results for clusters in which one or
more second-neighbor Ti atoms have been substituted by
Fe. These clusters are consistent with the hypothesis of
local order that has been put forth. ' The values of AE~
obtained are also positive for one Fe NNN, but much
smaller than in the case of one Fe NN. For compressed
distances, they are more compatible with the experimental
value, while at these distances, the Fe NN gives consider-
ably larger field gradients. However, for different ar-
rangements of the Fe NNN atoms, as in the two last en-
tries of Table III, the sign is reversed, so the situation is
seen to be very complex. Again, we point out the impor-
tance of the experimental determination of the sign of the
field gradient.

In Table IV the various contributions to the field gra-
dient are discriminated. For one Fe NN we observe that
the total two- and three-center contributions are not much
different in absolute value to the nuclear term, and these
two combined together largely cancel. This indicates that
even the valence electrons on the NN Fe atom are mostly
seen by the central Fe as negative point charges. The pos-
itive sign of V is thus mainly determined by the large
one-center positive terms.

In the case of one NNN Fe atom, the one-center contri-
bution is also positive but of much smaller value, resulting
in a much smaller total field gradient. Table III also
shows, with comparison to Table I, that Fe second neigh-
bors produce very small changes on the Iz of the Fe atom
at comparable distances.

C. P-TiZr(Fe) ternary alloys

Although the P-Zr(Fe) solid solution is not retained by
quenching, addition of small amounts of Ti stabilizes this
phase. ' This feature has allowed a series of experimental
measurements on these substitutionally disordered bcc ter-
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nary alloys, using Mossbauer spectroscopy, x-ray diffrac-
tion, and scanning electron microscopy. ' From a
theoretician's point of view, the effect of the interchange
of Zr (4d element) and Ti (3d element) as hosts in the lat-
tice is interesting inasmuch as Zr, although being in the
same column of the Periodic Table as Ti, is bulkier and
slightly less electronegative.

The experiments in Ref. 13 were performed for a fixed
Fe concentration (4 at. % Fe) and varying concentratiorts
of Zr and Ti. The Is were measured from 1 at. % Ti to
90 at. % Ti, in the P-Zr(Fe)-Ti alloys. For lower Ti con-
centrations it shows higher values (starting at —0.13
mm/s) than for pure /3-Ti(Fe). The Is decreases with in-
creasing Ti concentration, until it reaches —0.22 mm/s,
which corresponds to P-Ti(Fe) at 4 at. % Fe. The quadru-
pole splitting shows a very complex behavior, increasing
from 0.24 mm/s (absolute value) at 1 at. % Ti to -0.35
mm/s at 10 at. % Ti, then dropping to below 0.20 mm/s
at 30 at. %%uoTi, an d finall yconvergin gsmoothl y to th e /3-

Ti(Fe) value at 4 at. %%uoFe (-0.2Omm/s).
Table V displays a series of results of calculations for

Zr clusters, starting with Fe(Zr) &4 at distance 3.60 A (cor-
responding to /3-Zr). The Is for this case can be extrapo-
lated from the data in Ref. 13, and is less negative than
for /3-Ti(Fe). As is seen in Table V, for the lattice param-
eter of the host, the Iq does not compare well with experi-
ment; therefore, as in the case of /3- Ti(Fe), a local
compression is predicted. For the corresponding host lat-
tice parameters, the Is calculated for P-Zr(Fe) is indeed
higher than for /3-Ti(Fe) by approximately the correct
amount.

In Table V we also show the calculated value of AE~ of
the central Fe, produced by a Zr NN in the Ti host lattice,
and two Zr NN (both of C3, symmetry, at opposite sites
with respect to the central Fe). In both cases, a negative
field gradient is produced, which is more pronounced for
the case of two Zr first neighbors. When, on the contrary,
one Ti NN is in a Zr host, the field gradient produced on
the central Fe atom is positive. This difference in the sign

of the Fe hE& produced by Ti or Zr at the same site may
explain the complex behavior reported in Ref. 13 for the
value of the hE~ of /3-Zr(Fe)-Ti for different Zr-Ti pro-
portions in the host lattice.

In, Table VI we separate the contributions to V~ for the
Fe-Ti-Zr clusters. The very small two- and three-center
contributions again show that the NN Ti or Zr valence
electrons are seen as point charges. The negative field
gradient produced by one or two NN Zr atoms are due to
the negative one-center contributions, whereas this contri-
bution is positive when Ti is the NN atoms.

IV. CONCLUSIONS

We have performed electronic structure calculations for
15-atom clusters representing dilute bcc alloys of Fe in Ti,
Zr, and the Ti-Zr system. The results show that local lat-
tice compression will produce a small or null magnetic
moment on Fe, and Iq values compatible with experiment.
More concentrated alloys were represented by clusters in
which the central Fe atom has another Fe atom in the
first shell of neighbors, or in the second shell. The results
for the calculated field gradients show that one Fe atom
as NN or NNN produces a positive field gradient, due
mainly to positive one-center contributions. Finally, stud-
ies of clusters representing the ternary alloys /3-Zr(Fe)-Ti
show that Zr or Ti as first-neighbor atoms produce field
gradients with opposite signs on the Fe atom.
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