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Electronic structure, magnetic properties, and Mossbauer isomer shifts of Fe and TiEe alloys
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The self-consistent discrete variational method and the local Xa exchange approximation have

been employed to obtain the electronic structure of 15-atom clusters representing Fe metal and TiFe
alloys. The dependence of the magnetic moment and isomer shift of iron metal on pressure was in-

vestigated. Local moments of Ti dilute impurities in Fe were calculated. The ordered (CsCl-
structure) intermetallic compound FeTi, which represents a concentrated-impurity limit of the TiFe
alloys, was also studied, and an isomer-shift (IS) value obtained. The results show that the cluster

approach yields magnetic moments and IS consistent with experimental magnetization, neutron

scattering, and Mossbauer data.

I. INTRODUCTION

The problem of dilute alloys of transition elements in a
ferromagnetic host has been of long-standing interest.
Apart from the standard semiempirical approaches, '

band-structure calculations would provide many answers
to the local or itinerant properties observed by the experi-
mentalists. However, in the case of dilute alloys or
structural disorder, first-principles band calculations, even
with the now available powerful computers, would be very
cumbersome because of the large number of atoms to be
included in the unit cell.

An approach which avoids this difficulty, although still
retaining the first-principles aspect of the calculations, is
to study the electronic structure of clusters representing
the alloys. This approach has been applied to a signifi-
cant number of cases, and the results obtained en-
courage further applications.

We have undertaken an investigation of the electronic
structure of Fe metal, and Fe containing Ti in dilute con-
centrations. The choice of such systems was based on the
following considerations: First, Fe and Ti are transition
elements, with Fe on the 3d-electron-rich side, compared
to Ti. Observing the Pauling electronegativities (1.8 for
Fe, 1.5 for Ti), one may expect that charge transfer will
take place among the atoms, and a more quantitative esti-
mate of this effect would be desirable. The alloying of a
ferromagnetic host with a nonmagnetic metal raises in-
teresting questions about which conditions favor or
suppress the existence of local moments. Some experi-
mental data are available regarding local moments,
against which our results may be checked; in some other
cases, we make predictions and hope that future experi-
mental data will allow an assessment of our results. Many
measurements on hyperfine interactions have been made
on such systems with Mossbauer spectroscopy of Fe. '

We report here calculations of isomer shifts, and interpret
the values found in terms of the electronic structure.

In addition to treating clusters representing Fe and di-
lute alloys of Ti in the Fe host, we have also investigated
the inverse case, in which Fe is an impurity or a dilute
solute in the nonmagnetic metals Ti and Zr. The results
for these alloys, which have quite different characteristics,
will be presented in a subsequent paper.

II. THEORETICAL APPROACH

A. Electronic st'ructure

In Fig. 1 we show the 15-atom cluster which is chosen
to represent the alloys. Qnly the bcc structure was con-
sidered.

The electronic structure of the cluster was obtained
with use of the first-principles discrete variational method
(DVM), and the local Xct approximation for the exchange
interaction. Since the method has been described in detail
in many publications, ' we only give here an outline of its
main features. The DVM, as implemented within the
framework of a molecular-orbital method, has numerous
successful applications, including the study of magnetic
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FIG. 1. 15-atom cluster representing bcc metals or alloys.
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The Coulomb potential has an electronic and a nuclear
part:

( )= p(r ')dr ' Zk

r —r' " Ir —R
(3)

where Zk is the atomic number of nucleus k at distance

Rk from the electron, and p=p,~+p, is the total charge
density. The exchange potential is a function of the spin
density:

V~~(p )= —3a
1/3

3p (r)
4m

(4)

and the value a = —, was adopted here, since it is the value
which is variationally compatible with the one-electron
equations:

Allowing the spatial part of the spin orbitals P;~ to be
different for different spins will lead to spin polarization,
in addition to the contributions of unpaired spins.

The molecular orbitals are expanded on a basis of atom-
ic numerical orbitals (I.CAO approximation). Spherical
potential wells around the atoms are used to obtain more
contracted valence orbitals for the basis, which includes
the 3d, 4s, and 4p orbitals for both Ti and Fe. The secu-
lar equations

(H ES)C=O—
are finally solved self-consistently, using matrix elements
determined by numerical integration.

The three-dimensional integrations of the DVM
method are usually performed on a random-points grid by
the diophantine method. However, for this special case
of calculations of hyperfine interactions of rather large
atoms, which have important contributions from core
electrons that have to be taken into account to get rnean-
ingful results, a special integration scheme was used in the
region around the nucleus of the atom considered as the
Mossbauer probe. This is necessary to get better wave
functions in the core region of rapid variation. A sphere
of radius -2 a.u. is considered around the probe nucleus,
and a systematic polynomial integration" in three dimen-
sions is performed.

Finally, an embedding scheme is used to simulate the
metal outside the cluster. This has been described else-
where, ' and basically consists of placing atomic poten-

impurities in Ag and Pd, and other properties of metals
and alloys treated as clusters. '

The one-electron Hamiltonian for the cluster is a func-
tional of the electronic density

h = ——,'V' +Vc,„i(p)+Vx (p )

in Hartree atomic units, where the electronic density at
some point r is a sum over the molecular spin orbitals PJ.

with occupation nj:
O

(2)

tials on a number of sites around the cluster. These po-
tentials are truncated to simulate orthogonality effects.

B. Mossbauer isomer shifts

We have made calculations of the isomer shifts (IS) for
these alloys. Since these interactions constitute very small
effects special care must be taken regarding the numerical
procedures. The IS is defined as'

5~s
—— Ze (A(r ) )S'(Z)[p~(0) —ps(0)]

3

or, equivalently:

. ~Is =~[pa (0)—ps(0) ]

(7)

a in Eq. (8) includes the terms in Eq. (7) which refer to
the Mossbauer nucleus. Z is the nuclear charge, b, (r )
the difference in the mean-square nuclear radius between
excited and ground states of the nuclear transition in-
volved, p(0) is the total charge density at the probe nu-
cleus, and the parameter S'(Z) accounts for relativistic ef-
fects. In Eq. (7), A and S refer to absorber and source. In
principle, all orbitals of s-type symmetry have nonvanish-
ing contributions to the density at the nuclear site; howev-
er, in our calculations we have excluded the contributions
from the deep core is and 2s orbitals of Fe, since our nu-
merical precision is still not good enough to give signifi-
cant values for them, as they represent very small differ-
ences between very large numbers. Fortunately, atomic
calculations for Fe in different oxidation states show that
differences in the electronic density at the origin for the
1s and 2s orbitals are quite negligible. '

III. RESULTS AND DISCUSSION

A. Properties of the Fe host

The much studied case of the electronic structure of Fe
metal is an ideal example to test our cluster model, besides
being our host metal, to which the properties of the alloys
should be compared. Several Fe-metal band-structure cal-
culations are reported, ' ' as well as a cluster calculation
with the multiple-scattering Xa (MS Xa) method.

We have obtained the electronic structure for the Pe~5
embedded cluster in both an all-electron scheme and one
in which the deep core orbitals 1s, 2s, and 2p are kept
"frozen" and orthogonal to the molecular orbitals. The
results of this last procedure do not differ in any signifi-
cant manner from the all-electron procedure, including
the evaluation of the IS, and so this computationally less
expensive "frozen-core" scheme was adopted for most of
the clusters calculated.

In Fig. 2 the total density of states for the valence and
conduction bands of Fe metal is shown. Since in the clus-
ter model we obtain a discrete set of energy levels, these
are "broadened" by Lorentzian functions to simulate a
continuum. The spin g -and spin g bands in this and other
density of states diagrams are normalized to a fixed peak
height, and not to the total number of electrons. One can
see clearly the ferromagnetic nature of the metal appear-
ing, as in the Stoner model. However, the density of
states does not compare very well with recent band-



EI.ECTRONIC STRUCTURE, MAGNETIC PROPERTIES, AND. . .

0&

4
C)

E/i 0 enargy (eV)

nergy (eV)

FIG. 2. Total density of states for the Pe~5 cluster in a spin-
polarized calculation, including 3d, 4s, and 4p contributions.

FIG. 3. Local density of states at the central Fe atom in the
Fe~~ cluster.

structure calculations, '"' and does not show much struc-
ture.

A much better diagram, as compared to band calcula-
tions, is obtained by considering only the local density of
states on the central Fe atom. This is shown in Fig. 3,
which shows quite good agreement with the density of
states obtained by Moruzzi, Janak, and Williams, ' con-
sidering the size of our cluster. Indeed, intuition would
indicate that the central atoin, due to its environment in
the cluster being more similar to that of a metallic atom,
will be the one showing the most bulklike properties. As
one goes outwards in the cluster, we arrive at the last
shell, whose atoms should be expected to show a surface-
like behavior, between bulk atoms and free atoms. All our
results confirm this conclusion, as shall be seen as we
proceed further, so we have chosen in all cases the central
atom for the evaluation of local properties. We point out,
however, that investigators who apply the MS Xa method
to isolated metal clusters do not share this point of view;
rather, they seem to conclude that the outer atoms of the
cluster are the mast bulklike.

Several factors which have a bearing on this discrepan-
cy can be mentioned:

(1) The boundary conditions used in MS and DV calcu-
lations are different. The MS method uses isolated cluster
boundary conditions with decaying Coulomb wave solu-
tions in the exterior region. The DV method makes an ex-
pansion in atom-centered orbitals, with the cluster embed-
ded in the potential field of the infinite solid. We have
verified that the embedding field has a significant effect
on the central atom, density of states (DOS), charge, and
spin densities. This effect is indirect, in that "surface"
atoms are most affected by the crystalline hosts, and their
interaction with the central atom is thereby modified.

I

(2) The potentials used in MS and DV calculations are
different. The MS method uses a truncated muffin-tin
approximation to the potential, while the DV method ex-
pands the potential in a set of basis functions, with ampli-
tudes determined either from Mulliken atomic orbital
populations (self-consistent charge approximation) or by
least-square procedures (self-consistent multipolar approx-
imation). It is possible that differences in the potential in
the interstitial region, which is treated as a constant in the
MS approach, affect the s-d hybridization sufficiently to
modify the central atom DOS. This effect must become
negligible in the limit of large clusters, as seen by compar-
ison of various band-structure approaches.

(3) Finally, there are reasons to be cautious about focus-
ing attention entirely on the central site in a highly sym-
metric cluster. For example, in cubic clusters with O~
symmetry, the central d orbitals contribute only to t2g and
eg representations, while d orbitals of the first coordina-
tion shell contribute to a variety of symmetries. We thus
can understand that the central-site DOS may converge
slowly to the bulk limit with increasing cluster size.

In Table (I) we present some relevant results for the
Fej5 cluster. The equilibrium lattice parameter was con-
sidered, and calculations were also performed for
compressed interatomic distances, since experimental data
is available both for the magnetic moments and the IS for
Fe under pressure. The variation of the lattice parameter
with pressure has been reported, ' and the variation of the
magnetic moment with pressure observed experimentally
follows the relation

8 1HLM 0
BI'

The IS values were derived by combining Eq. (8) with
the experimental relation obtained by Williamson,
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TABLE I. Magnetic moments and isomer shifts of the embedded Fej5 cluster.

Lattice
parameter

(A)
2.866
2.825
2.805

Pressure'
(kbar)

0
80

122

p
(expt. )

(pg)
2.17
2.12

'

2.09

Fec
2.80
2.78
2.77

p
calculated (p,~)

Fe
3.39
3.32
3.30

FeNNN

3.67
3.60
3.57

IS'
(expt. )

(mm/s)

0
—0.058
—0.086

IS"
(calc.)

(mm/s)

0
—0.055
—0.086

2.764
2.658

250
781

2.00
1.69

2.73
2.57.

3.29
3.22

3.58
3.54

—0.145
—0.300

-0.145
—0.340

'From Ref. 16.
8 lnM/BP (Mbar ') = —0.32 (see Ref. 15).

'From Ref. 6.
- p(0) calculated for the central Fe atom.

Bukshpan, and Ingalls

=1.33 (at 300 K) .
Bin V

(10)

Both calculated and experimental values are shifts relative
to Fe metal.

For pressures greater than —130 kbar, bcc Fe under-
goes a structural phase transition to hcp Fe. The dotted
line in Table I separates the calculations for which the ex-
perimental data is actually available, from the higher
pressures, for which "experimental" moments and IS
values have been derived with the same empirical rela-
tions, but actual measurements are still to be obtained in
the future, if some technique is found which will stabilize
the bcc phase at higher pressures.

Observing the moments obtained for the cluster, which
were calculated by taking the difference between the Mul-
liken populations' for spin t and spin l electrons (3d, 4s,
and 4p), three points may be mentioned:

(a) The local magnetic moments on the central Fe, and
on the first and second shell of neighbors, are higher than
the experimental value, at atmospheric and higher pres-
sures. This shows that, although the moments are lower
than the atomic value, the cluster is not yet large enough
to describe the collective effect in the bulk which reduces
the Fe moments to 2.2pz.

(b) The central Fe atom has the lowest calculated value
of the moment, and thus the closest to experiment. The
moments increase outwards. This is another indication,
as with the local density of states, that it is the central
atom which is best described as a bulk atom.

(c) The trend of the moment with pressure is repro-
duced in the calculations; however, the calculated decrease
of the moment with pressure is less pronounced than what

is found experimentally.
Although the experimental values for pressures higher

than 130 kbar are extrapolations, recent band-structure
calculations by Bagayoko and Callaway' give theoretical
values at lattice parameters corresponding to 250 and 781
kbars which are very close to the empirical values. This
suggests that the magnetic behavior at higher pressures
would follow the same law, if the bcc structure was
preserved.

The IS values were obtained with the nuclear parameter
a= —0.25 (mm ao/sec), which fits best the lower pressure
values and is very close to the best theoretical esti-
mates. ' ' The agreement with experiment is excellent
for the lower pressures, and since a similar agreement is
found for the high-pressure predictions, this suggests that
the empirical law in Eq. (10) would still be followed in
this case.

The decrease of the IS with pressure is due almost en-
tirely to an increase in the valence (4s-type) electronic
density at the nucleus. This is because of the fact that the
probe atom's valence orbitals of a& symmetry have to be
orthogonal to the core orbitals of the neighbors, causing a
contraction of the wave functions towards the nucleus,
which increases with decreasing lattice parameter.

B. Ti iinpurity in Fe
The case of a very dilute Ti impurity in bcc Fe was

studied by substituting the central atom of the cluster in
Fig. 1 by Ti, while keeping all the other Fe atoms. We
have first made a self-consistent calculation for the Fe lat-
tice parameter (2.866 A). Figure 4 depicts the local densi-
ty of states on the Ti atom. The diagram shows the nega-
tive moment that builds up on the Ti, antiferromagneti-
cally coupled to the Fe lattice moments.

Table II gives the calculated local moments for this

TABLE II. Magnetic moments of Ti impurities in Fe.

Cluster'

TiFe8Fe6
TiFesFe6
Ti(TiFe7)Fe6

Lattice
parameter

(A)

2.866
3.06
2.866

p
(expt. )

(p~)
—2.28 —2.18

—2.61
—2.04

p
calculated (p~ )

Few

3.28
3.68
3.34

3.66
3.99
3.72

'All clusters are embedded in the Fe metal.
"From Ref. 5. Experimental value given here includes the diffuse component, quoted by the authors in Ref. 5 as —0.2pz.
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The third calculation reported in Table II aims at inves-
tigating the possibility of clustering of the Ti atoms, as a
cause for the dependence of the moment on concentration.
In this case, a nearest-neighbor Fe atom was substituted
for a Ti atom, creating a Ti-Ti pair in the Fe host. The
symmetry in this case is lowered to C3~. The moment
calculated on Ti is smaller than on the isolated impurity,
suggesting that clustering may be the cause for the de-
crease of the antiferromagnetically coupled moment of Ti
in Fe, y.t higher Ti concentrations.

We mention that coherent potential approximation
(CPA) calculations failed to describe the magnetic mo-
ments at very dilute concentrations, while describing the
more concentrated alloys relatively well. However, an
earlier model using the virtual bound state concept pro-
duced a value of —2@~ on Ti in the dilute limit. '

C. The compound FeTi

FIG. 4. Local density of states at the central Ti atom in the
TiFe~4 cluster, embedded in the Fe metal.

case. Recently, neutron scattering experiments were re-
ported by Kajzar and Parette for very low concentrations
of Ti in Fe. For the lowest concentration measured (0.84
at. %), a moment of —2.28pz is found, in good agree-
ment with our calculated value.

Kajzar and Parette also report values for slightly higher
concentrations of the impurity, and a very large decrease
of the moment on the Ti is observed, while the moment
on the Fe is considerably more stable. To investigate
some possible causes for such behavior, we have made two
more self-consistent calculations, for which the results are
also seen in Table II. A local expansion of the lattice
would produce a larger moment on Ti, probably because
the driving moments on the surrounding Fe atoms tend to
higher values. However, the actual average interatomic
distances increase slightly at higher concentrations, so ob-
viously a local expansion would produce an inverse effect
to that actually observed.

We end our report by giving some results relative to the
50%-50% compound FeTi, which represents the concen-
trated limit of TiFe alloys. It seems now well establish-
ed that the lattice has the CsC1 structure, that is, no Ti
has a Fe first neighbor, and vice versa, no Fe has a Ti
neighbor. Our cluster in Fig. 1 can represent this case in
two ways, the first with Fe in the center, Ti atoms at the
nearest-neighbor (NN) shell, Fe atoms as next-nearest
neighbors, and finally, the whole cluster embedded in a Ti
environment. The second case depicts the inverse situa-
tion, that is, Ti is the central atom, Fe are nearest neigh-
bors etc. The goal of this second self-consistent calcula-
tion was to verify if spurious cluster-size effects were ar-
tificially altering the results by any significant amount.

Table III shows results for the FeTi compound. We de-
finitely find a sizable moment on the Ti atoms, coupled
antiferromagnetically to Fe (see also the density-of-states
diagram in Fig. 5). This result repeats itself for the
second cluster, where the order of the Fe and Ti atoms is
reversed. We are not aware of neutron scattering mea-
surements of the spin distribution in these compounds; a
Mossbauer spectroscopy study reported showed no sign of
a magnetic moment on the Fe. Magnetic susceptibility
measurements for TiFe do not clarify the issue of magnet-
ic ordering. If indeed TiFe is a Pauli paramagnet, then
the magnetic moments found for our clusters may be ra-

TABLE III. Magnetic moments and isomer shifts of the (CsCl-structure) FeTi intermetallic compound.

Cluster

Fe

FeT18Fe6

TiFe8Ti6

'From Ref. 25.
From Ref. 7.

Lattice
parameter

(A)

2.866

2.95'

2.95

central
atom

2.80

2.09

—1.65

p calculated
(in p~)

NN
atom

3.39

3.46

NNN
atom

3.67

4.06

—2.02

p(0)
(ao')

3s 139.93
valence 6.53

146.46
3s 140.01
valence 7.04

147.05

IS
(calc.)

(mm/s)

—0.148

IS
(expt. )

(mm/s)

—0.145
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FIG. 5. Local density of states at the central Fe atom for the
intermetallic compound FeTi, represented by the cluster
FeTi8Fe6 embedded in Ti metal.

tionalized as a cluster-size effect. The calculated next-
nearest-neighbor (NNN) moments (see Table III) are simi-
lar to those of free atoms, consistent with their position as
"surface atoms. " These atoms in turn induce sizable mo-
ments on nearest neighbors and the central site. The
present potential-embedding scheme is apparently not
capable of reproducing adequately the magnetic coupling
between host and cluster. The most straightforward test
of these ideas would be to increase the cluster size by ad-
dition of another coordination shell; this is, however,
beyond the scope of the present work.

In Table III we also give the IS value of FeTi, relative
to Fe metal, and compare it to the experimental value.
We use here the same value of the nuclear constant o;
(=—0.25) that was employed for Fe at different pres-
sures. We verify that also in this case the agreement is ex-

cellent. The charge transferred from the Ti neighbors into
the central Fe atom is 0.31 electrons. Also given in the
table are the values of p(0) for Fe and FeTi, at the central
Fe nucleus of the cluster. We can easily relate the IS
value mainly to the Ti—+Fe charge transfer, which builds
up the valence electronic density at the nucleus in FeTi.

IV. CONCLUSIONS

We have performed self-consistent electronic structure
calculations for clusters representing the Fe metal and
TiEe alloys, in order to study mainly magnetic moments
and isomer shifts. We find that our cluster model gives
excellent agreement with experiment regarding the depen-
dence of the IS with pressure in Fe metal. This agreement
is also found for the intermetallic compound FeTi. As far
as magnetic moments are concerned, overall qualitative
agreement is found for Fe under pressure, and excellent
agreement is found for the case of TiFe in the dilute limit.
The local moments found in the calculations for the FeTi
compound are not confirmed by Mossbauer experiments
reported; perhaps future work with neutron scattering will
help clarify this point.

In conclusion, we believe that the calculations of local-
ized properties in metals and alloys with a cluster model
have come to a point where reliable informatio'n is de-
rived, which cannot as yet be obtained by other first-
principles methods. The results may be improved further
by adding one or more shells of atoms to the cluster. This
would represent a sizable increase in the computational ef-
fort; our results and other similar studies have shown,
however, that 15-atom clusters are already sufficiently
large to account for many properties of the bulk metals,
especially those that are localized.
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