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Origin and orientation of the electric field gradient in ordered FeNi
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The electronic structure of tetrataenite, the ordered phase of FeNi, has been studied in the
molecular cluster approximation using local-density theory. Clusters containing 13 and 19 atoms
were embedded in the fcc host lattice, and spin-unrestricted potentials were iterated to self-
consistency. Local moments, magnetic hyperfine fields, and electric field gradients (EFG) at the
iron sites were determined for comparison with experiment. The orientation of the EFG principal
axis is found to be parallel to the superstructure c axis.

I. INTRODUCTION

Iron-nickel alloys Ni„Fe& exist over the entire com-
position range' and, with various added elements such
as Cr and C, are of considerable importance for structur-
al applications where high strength and resistance to
corrosion are required. Both bcc and fcc phases are
found, with fcc disordered phases predominating for
x &0.4. Except for notable cases such as the ordered
Ni3Fe and NiFe structures, random occupancy of lattice
sites by either type of atom is presumed. At low Ni con-
centrations, the fcc phase can be stabilized by quenching
or phosphorous doping, and an antiferromagnetic struc-
ture is observed at low temperatures. The Invar alloys,
well known for their low thermal expansion, span the
antiferromagnetic to ferromagnetic transition region
0.255x 50.35.

The 50-50 composition forms an ordered compound
with the CuAu structure, consisting of alternating layers
of Ni and Fe on an fcc lattice. This superlattice com-
pound is found in certain meteorites, and is known as
tetrataenite. ' It has also been obtained by neutron irra-
diation of the disordered FeNi alloy. The disordered
phase is most stable for T, ) 590 K, and the diffusion
rate for T & T, is very low. Observation of the relative
fraction of tetrataenite in ferronickel meteorites permits
useful estimates of the rate of cooling, of the order of
1 —2 K per million years. The ordered compound is
resistant to corrosion, meteoritic samples in the form of
lamallae being obtained by dissolving the host Fe-Ni ma-
trix in acid.

A small tetragonal distortion of the fcc structure has
been observed by x-ray diffraction. ' Magnetic hyperfine
fields (Hf ) and electric field gradients (EFG's) at Fe sites
have been obtained by several groups, using Mossbauer
spectroscopy. In principle, the use of external mag-
netic fields in the Mossbauer experiment permits deter-
mination of the sign of the EFG as well as its magnitude.
In addition, the orientation of the principal EFG axis
relative to the internal magnetic field direction can also
be found. The present work was motivated in part by a
desire to understand the origins of the observed EFG,
and to resolve its orientation relative to that of the inter-
nal magnetic field. The sign of the theoretical EFG is

determined unambiguously here, and related to the
Ni —Fe versus Fe—Fe bonding interactions.

II. ELECTRONIC STRUCTURE CALCULATIONS

A. Theoretical method

Local-density self-consistent field models of electronic
structure have proved to be highly successful in describ-
ing properties of transition metals and intermetallic
compounds. Both band structure and molecular cluster
techniques have been developed as first principles tools
using a linear combination of atomic orbitals (LCAO)
variational approach which is well suited to atomistic
chemical interpretations of charge and spin densities as
well as spectroscopic properties. Band-structure
methods and cluster models for a periodic system tend
to the same limit as the cluster size increases, and evi-
dence has gradually accumulated that 3—4 shells of
neighbors is sufhcient to represent most properties of a
particular atomic environment. In treating alloy proper-
ties, where local order may be a dominant factor rather
than long-range periodicity, representation of the system
by small embedded clusters is not only computationally
attractive but also physically reasonable.

We have calculated the electronic structure of clusters
representing the 50-50 FeNi ordered alloy. We con-
sidered both a 13-atom cluster and a 19-atom cluster
(Fig. 1), the latter to explore the e6'ect of cluster size. In
the mineral tetrataenite, ' which has CuAu structure,
each Fe atom is surrounded by eight Ni and four Fe
nearest neighbors (NN), with local symmetry D4q, as
seen in Fig. 1. The second shell of neighbors (NNN), in-
cluded in the 19-atom cluster, is made up of six Fe
atoms, forming an octahedron around the Fe atom at
the center of the cluster. In Table I are given the intera-
tomic distances used in the calculations.

The electronic structure for these clusters was ob-
tained with the discrete variational (DV) method in the
local exchange approximation. Self-consistent one-
electron wave functions were derived by solving approxi-
mately the equation
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where [C] is the matrix of the coefficients of the expan-
sion, and [H] and [S] are the energy and overlap ma-
trixes, respectively. In the DV method, all the matrix
elements in Eq. (4) are calculated by numerical integra-
tion; in the valence region, the pseudorandom diophan-
tine integration method is used, and in the core region a
precise polynomial integration is performed' which is
essential for the accurate evaluation of hyperfine interac-
tions.

In order to better represent the solid by the clusters,
these are "embedded" in the potential field of several
shells of surrounding atoms. " The core-region potential
of each exterior atom is truncated, to simulate Pauli ex-
clusion effects.

The quadrupole splitting Az~ of the I=—', nuclear y
resonance line of Fe, when an internal magnetic field is
present, may be expressed as 12

3 cos20 —&

b gg ———,'eV„Q (5)

FIG. 1. 19-atom cluster representing the FeNi 50-50 alloy.
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3
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and which may be different for each spin o.. V, is thus
a function of the electronic spin density p (r) defined as

(3)

and o. =—', . Here n; is the occupation of spin orbital

1 O' '

The cluster molecular orbitals P; are expanded over a
basis of numerical atomic orbitals, which may include
both occupied and vacant orbitals for greater variational
freedom. One then obtains a set of secular equations

( [If]—[&][~])[Cl =0 (4)

TABLE I. Interatomic distances in FeNi ordered phase (Ref. 1).

Bond distance (A)

Fe-Fe (first neighbor):
Fe-Ni:
Fe-Fe (second neibhbor):

2.53
2.53
3.58

where the one-electron Hamiltonian (in Hartree atomic
units) consists of a kinetic energy term, a Coulomb
potential-energy term which includes electron-nuclei and
electron-electron interactions, and an exchange term
which may be expressed as

1/3

where 0 is the angle between the direction of the mag-
netic field and the principal axis of the field gradient. 0
cannot be determined from a single Mossbauer experi-
ment, an independent measurement being necessary. On
the other hand, one may calculate the principal com-
ponent of the field gradient tensor V„using the expres-
sion' (in a.u. )

2 2

V„=gZk
k

i, a
njo (6)

where the first term represents the contribution of the
surrounding nuclei of atomic number Zz (or the nuclei
shielded by the core electrons, in the case of a "frozen
core" approximation). The second term is the electronic
contribution, and represents a sum over the contribu-
tions of occupied spin orbitals P, , with occupation n;

When the spin orbitals in the second term of Eq. (6)
are expanded in the linear combination of atomic orbit-
als, one-center and multiple-center terms result. The
first are calculated analytically, using the coefficients of
Eq. (4), and the latter are evaluated using special tech-
niques of numerical integration. ' '

B. Quadrupole splitting of ~7Fe in FeNi

In Table II are given the calculated values of the corn-
ponents of V„of the Fe atom at the center of the clus-

ters, as well as its total value. It is seen that the calculat-
ed V„ is positiue This result ind. icates that 8=0' (and
not 8=90'), that is, the axis of V„ is parallel to the axis
of the internal magnetic field, since the measured 6&& is
also positive. This also implies that the internal magnet-
ic field is oriented perpendicular to the lamallae; i.e.,
along the z axis of Fig. 1. The quadrupole moment Q of

Fe in the excited state I= —,
' has been estimated to be of

the order of +0.2. ' ' Equation (5) now reduces to
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TABLE II. Calculated value of V„and its components (in a.u. ). The nuclear contribution is + 0.073.

13-atom cluster 19-atom cluster

One center, spin up
One center, spin down

+ 0.026
+ 0.350

+ 0.149
+ 0.407

Two and three center, spin up
Two and three center, spin down

+ 0.012
+ 0.012

+ 0.013
+ 0.010

Total V„
AE0 (mm/s)

+ 0.473
+ 0.74

+ 0.652
+ 1.03

'According to Eq. (7). Value of Q from Ref. 15 (Q =0.156 b).

bEg ———,
' V„eg,

since the angular term in large parentheses is equal to
+1 for L9=0.

Of all the contributions given in Table II, it can be
seen that it is the one-center spin-down term that deter-
mines the sign and, to a great extent, the magnitude of
V„. The nuclear and multiple-center terms are all very
small, and the one-center spin-up adds to a small num-
ber also, since the spin-up valence states at the site of
the central Fe atom are all occupied (see the density of
states diagrams, Figs. 2 and 3).

From the results given in Table II it is also seen that
increasing the number of atoms in the cluster from 13 to
19 does not have a major effect on V„; this increases our
confidence in the stability of the results regarding cluster
size.

To better understand the origin of the positive contri-
bution to V„given by the spin-down orbitals, we have
broken up this contribution into its components accord-
ing to the symmetry group D4&. These are given in
Table III.

On examining these numbers, it may be noticed that
the a&g orbitals give a contribution which is negative,
and of about the same magnitude as the b&g. For the
central Fe atom, the 3d ~ orbital transforms as a&g, and
is pointed along the z axis, towards two of the Fe atoms
in the second shell of neighbors. The 3d ~ ~ transforms
as b&g, and points, in the x and y directions, also to-
wards Fe atoms in the second shell of neighbors. The
contributicn~ . ~ ", '-."= t',vo orbitals almost cancel each
other. As seen in Table IV, the six Fe atoms in this shell
are almost equivalent, from the point of view of chemi-
cal environ@vent; in fact, the Mulliken populations of the
orbitals of the axial and equatorial next-nea'est-neigiibor
Fe atoms are very similar. This exp&.ains the almost null
one-center contribution to V„coming from the 3d 2 and

3d 2 ~ pair of the central Fe.
The orbitals 3d„y, 3d „and 3dy, of central Fe, which

are degenerate in octahedral or cubic symmetries,
decompose into bzs(3d„~) and es(3d„, 3d~, ) in D&h sym-
metry. The bzg orbital gives a large positive contribu-
tion to V„, which is only canceled in part by the nega-
tive contributions of the e~ pair. The explanation for
this lies again in the electronic environment which the
electrons in these orbitals experience. The 3d y orbital
points towards the four Fe atoms in the xy plane. On

CO

IK

CR
CC

CA
Lal
I

CA

CA

UJ
Ch

-l5 -5 0
energy (e~)

FIG. 2. 3d, 4s, and 4p density of states at the central Fe
atom for spin up.

the other hand, the 3d, and 3d, point toward the Ni
atoms. The latter withdraw a small amount of charge
from the Fe atoms, as seen in Table IV. In fact, esti-
mates of electronegativity values' show that Ni attracts
electronic charge in a metallic bond more than Fe does.
This explains the reduction of the one-center spin-down
contribution to V„due to the e orbitals. The resulting
V„due to all 3d orbitals is thus positive. We also give
in Table III the contributions of the 4p orbitals. These
are seen to be small, and largely cancel one another.

To have additional proof for the origin of the positive
V„, we have made a calculation for a cluster in which
the Ni atoms above the central plane in Fig. 1 have been
substituted by Fe atoms, and the four Fe atoms sur-
rounding the central atom in the x-y plane were in turn
replaced by Ni. The resulting V„which was obtained
was negative ( —0.23 a.u. ), showing that indeed the posi-
tion of the Ni atoms in the ordered FeNi alloy, to which
point the 3d, and 3dy, orbitals of the Fe atoms, is what
determines the sign of V„.
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TABLE III. One-center spin-down contributions to V„(in
a.u. ) for the 19-atom cluster.

a, (3d 2)

b,g(3d 2 2)

b2g(3d y)
e (3d +3' )

3d

—0.680

+ 0.681

+ 1.005
—0.646

ay„(4p, )

e„(4p„+4p~ )

—0.120
+ 0.171

I

CA

Lal
Ch

I

-5

energy (eV)

FICx. 3. 3d, 4s, and 4p density of states at the central Fe
atom for spin down.

In summary, the sign that we obtained for V„ is
coherent with what may be expected from considerations
of the bonding between each Fe atom and its neighbors.

C. Magnetic properties

In Table IV are given the Mulliken populations of the
atoms in the cluster, as well as the charges and magnetic
moments. In these spin-polarized calculations, the
difference between the spin-up and spin-down total pop-
ulations on a given atom may be used to define the local
magnetic moment in Bohr magnetons.

We notice in Table IV that all atoms have increased
3d populations, as compared to the free-atom
configuration. This result is consistent with band struc-
ture and cluster calculations for a variety of transition
metals and their alloys. The 4s population is decreased,
and some 4p charge appears. Overa11, the NNN atoms
present more atomiclike character than the central atom,
which, by its position in the cluster, better represents a
bulk atom. ' ' The rather large positive charge on the

central atom is essentia11y a cluster effect; the population
analysis accentuates the special role of the basis attached
to the central atom. A volume integration generally
yields smaller charge differences, due to the different al-
location of diffuse charge. In fact, the finite groups of
atoms considered to represent the solid show an imbal-
ance of the charge distribution among similar atoms, due
to truncation of the external atoms bonds.

The calculated magnetic moments on the Fe atoms are
considerably larger than the experimental value of bulk
Fe. Cluster calculations for Fe metal with the DV
method' give a moment of 2.8pz, which is somewhat
larger than the experimental value of 2.2pz but still con-
siderably smaller than the presently calculated value.
Again, the increased moment on the NNN Fe atoms is
due to the fact that these are surface atoms in the cluster
and thus only partially bonded. The moments on the Ni
atoms are somewhat higher than that for Ni metal. We
conclude that the partial isolation of the Fe atoms,
stacked as two-dimensional arrays, is the factor responsi-
ble for the increased magnetic moment of Fe atoms in

FeNi, as compared to bulk iron.
We have calculated the contact hyperfine field at the

nucleus of the central Fe atom in the following manner:
the spin density of the valence electrons was obtained
from the cluster calculation, and the 1s, 2s, and 3s spin
densities were obtained from an atomic local-density cal-
culation for the same value of a. The hyperfine field is
large and negative ( —244 kOe); the valence contribution
is positive (+164 kOe) and more than canceled by the
negative terms of the core polarization. The theoretical
value is in very good agreement with the value reported
for meteoritic tetrataenite (288 kOe) and microcrystalline

TABLE IV. Mulliken populations and charges for the 19-atom cluster. NN denotes nearest neigh-
bor; NNN denotes next-nearest neighbor.

3d
4s
4p

Charge
Magnetic moment (pz )

Fe
(center)

6.68
0.50
0.40
0.43
3.33

FeN

6.60
0.75
0.59
0.06
3.40

Ni

8.70
0.83
0.60

—0.12
0.79

FeNNN

(axial)

6.45
0.97
0.52
0.06
3.98

FeNNN

(equatorial)

6.48
1.08
0.43
0.01
3.76
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material produced by neutron irradiation (288 kOe, 327
kOe). The magnetic properties of several Fe-Ni alloys
have been investigated in another work. ' From general
experience, we conclude that the present calculated
value of Hf is uncertain by +50 kOe due to our approxi-
mate treatment of core contributions and fundamental
limitations of the local-density theory used here.
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