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Abstract

The interface exchange coupling between ferromagnetic (F) and antiferromagnetic (AF) materials is interesting in
itself and has also attracted recent attention in relation to the exchange bias phenomenon. A major difficulty in
developing a reliable exchange bias theory lies in the fact that both the F and AF interface characteristics (geometry and
physical parameters) are hard to determine experimentally and complicated to estimate theoretically. We adopt in this
paper two alternative interface configurations to obtain upper and lower bounds for the computed values of the
exchange coupling across the interface between metallic Fe and insulating FeF,, derived on the basis of ab initio
calculations implemented for a periodic supercell. Electronic structures and total energies were computed within density
functional theory using the generalized gradient approximation for the exchange correlation potential. We expect the
results obtained to be useful in model simulations with larger unit cells and non-collinear spins. © 2001 Published by
Elsevier Science B.V.
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1. Introduction operation of many electronic devices [1,2]. How-

ever, interfaces are difficult to characterize experi-

The interface between two different solids is of
major importance to properly describe and under-
stand a large variety of systems. Moreover, its
properties are interesting both from a basic physics
point of view, as well as to comprehend the
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mentally since only recently it is feasible to design
and implement interface specific probes [3]. From
a theoretical point of view the situation is not less
complicated; the characteristics of a solid, as for
instance crystal and electronic structure, change
significantly in the vicinity of the interface. Thus,
lattice mismatch and reconstruction, charge trans-
fer and other phenomena have to be incorporated
to elaborate a proper description.

One particular property that is interface domi-
nated is the exchange bias (EB) phenomenon, that

0304-8853/01/$ - see front matter © 2001 Published by Elsevier Science B.V.

PII: S0304-8853(01)00283-9



20 M. Weissmann et al. | Journal of Magnetism and Magnetic Materials 234 (2001) 19-24

has attracted renewed attention during the last
years [1]. The characteristic signature of EB is the
shift of the center of the magnetic hysteresis loop
from its normal position at H =0 to a different
position at Hg#0. It occurs in systems [1]
composed by an antiferromagnet (AF) that is in
atomic contact with a ferromagnet (F) if the
sample is either grown or cooled below the
respective Néel and Curie temperatures, in an
external cooling field. While the study of EB is
interesting in itself, much of the present excitement
is related to its application in the technology of
magnetic sensors and as stabilizers in magnetic
reading heads [2]. During the nearly 50 years since
its discovery [4,5] it has become evident that EB is
an interface driven phenomenon [6-8], which
makes the study of these interfaces a necessary
requirement to develop a satisfactory understand-
ing of the phenomenon [9,10].

The systems which exhibit EB are many and
varied [1]: thin films, single crystal antiferro-
magnets with metallic coating, polycrystalline
and amorphous ferromagnets in contact with
ordered and disordered AF oxides and salts. In
addition, the magnetic structure in the vicinity of
the interface is not necessarily identical to the bulk
magnetic ordering. The above obstacles are added
to the complexity of the magnetic structure, with
many equivalent easy axes directions often pre-
sent.

Well aware of all the difficulties to attack this
problem [11], which were sketched above, we
nevertheless implement in this contribution a
method to estimate the magnitude of the exchange
parameters in the vicinity of the F/AF interface.
To achieve this goal the electronic structures and
total energies of the model system are calculated
for different collinear magnetic configurations.
This is done within density functional theory
(DFT) using the generalized gradient approxima-
tion (GGA) for the exchange correlation potential.
On the basis of this model we obtain approximate,
but reliable, estimates for the exchange parameters
of the system under study.

Previous calculations [9,12] have looked for the
possibility of non-collinear magnetic structures at
F/AF interfaces, as a function of the unknown
exchange parameters. However, experimental re-

sults for comparison only became available during
the last year, when the direct observation of the
microscopic spin structure on both sides of the
interfaces was achieved [10,13]. Also recently non-
collinearity has been incorporated into ab initio
codes, and some simple unit cells have already
been studied with this technique [14,15]. The aim
of this contribution is, in some sense, to connect
these two approaches, since it provides exchange
parameters extracted from ab initio calculations
that can be used as inputs for Monte Carlo
simulations in conjunction with a Heisenberg
model. This way one has the advantage that much
larger unit cells than in ab initio calculations can
be treated.

This paper is organized as follows: after the
introduction the method is presented in Section 2
and its results are given in Section 3. Finally, in
Section 4 the results are analyzed and conclusions
are drawn.

2. Method of calculation

As mentioned before, to a large extent the
atomic arrangement and coordination at the
interface has to be modeled by educated guess-
work. The large lattice mismatch present in the
systems studied in this work inevitably gives rise to
a rather irregular interface structure [3,16] and
consequently theoretical models should focus on
characteristics that are shared by different struc-
tures. Periodic systems, with a relatively small
supercell size, are the only ones amenable to the
kind of ab initio calculations that we performed.
For them, electronic band structures and total
energies were calculated within the DFT, using the
GGA of Perdew, Gurke and Enzelhoff (PBE-
GGA) for the exchange correlation potential. We
employed the spin polarized full potential linear-
ized plane wave (FP-LAPW) method with the
WIENY97 code [17]. Energy convergence better
than 1073eV/atom was achieved with the plane
wave cutoff set at 14 Ry and with the required
number of k-points in the reciprocal unit cell.

The exchange interaction parameters J;; were
estimated by fitting the calculated total energies
per unit cell, for different magnetic structures, to
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the simplest Ising model

ENM = — N85S, (1)
iy

where the indices i and j label the atoms and the
summation incorporates neighbors up to a certain
distance that will be defined below. The number of
Jij’s that are feasible to estimate depends on the
number of different magnetic structures that can be
stabilized in the self consistent calculations, while
limiting the unit cell to a reasonable size [18,19].

3. Results

3.1. Bulk transition metal fluorides of rutile
structure

In order to confirm that the method described
above is accurate enough to yield reliable values of
the exchange parameters, several transition metal
fluorides, that crystallize in the rutile structure,
were investigated. The electronic structure of the
family of ionic insulator compounds MF, (M=
Mn, Fe, Co and Ni) was calculated, for the
experimentally determined lattice parameters, in
the F and AF configurations. The tetragonal rutile
structure of these compounds can be characterized
as follows [20-22]: the metal atoms M are located
at (0,0,0) and (4, 3, 1), and the Fat (1 +x, 1 +x, 0)
and (+x, 1Fx, §) with x = 0.305 as illustrated in
Fig. 1. All these systems are AF, and the M atom
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Fig. 1. Unit cell of the rutile structure MF,. Large circles
represent the metal atoms M, small ones the F atoms.

at the cell center (Fe2) has opposite spin relative to
the corner atoms (Fel). These Fe atoms are
equivalent in the bulk material, but they are not
equivalent in the (1 10) surface, as Fe2 loses one of
its F nearest neighbors. In relation to their
magnetic configurations these systems have been
described either by Heisenberg or Ising Hamilto-
nians [18,22].

If the computations are restricted to one unit
cell, with two formula units, only the largest
magnetic coupling constant can be evaluated, i.e.
that between neighbors along the (11 1) direction.
It should be noticed that the largest J value does
not couple the nearest neighbor metal atoms,
which lie along the (00 1) axis, but the next nearest
neighbor ones. The first neighbor exchange cou-
pling constant is much smaller and it can be
estimated by calculating the total energy of a
larger unit cell [18]. For convergence 500 k-points
in the reciprocal unit cell are required.

The exchange interaction energy AE),, between
Fel and Fe2 in Fig. 1, is given by the energy
difference between the total energies of the F and
AF configurations. It can be written as

AE;, = 161,52, )

since there are 8§ atoms of Fe2 type surrounding
each one of Fel type, all of them with nominal
atomic spin S = 2. Our results for the numerical
implementation of the model outlined above, as
well as those of Ref. [18] (obtained by Hartree—
Fock calculations) and the corresponding
experimental results, are given in Table 1. As
expected, Hartree—Fock and GGA approxima-
tions underestimate and overestimate, respectively,

Table 1

Total energy differences per unit cell, two MF, formula units, in
meV, between the ferro and antiferromagnetic structures for the
transition metal fluorides calculated in this paper and in
Ref. [18]. The corresponding coupling constants J, in meV,
are compared with experimental values

AE AE s J J J
(Ref. [18]) (Ref. [18])  (exp)
MnF, 163 7.35 % 1.64  0.071 0.294
FeF, 98 3.97 2 1.52  0.060 0.436
CoF, 35 2.29 % 0.98  0.061 0.544
NiF, 116  3.57 1 7.26  0.216 1.663
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the coupling constants, while the converse applies to
the energy gaps. Our calculations correctly describe
the systems as AF insulators and they provide what
we believe to be reasonable estimates for the mag-
netic coupling constants we are interested in.

2.1. Model superlattices and interfacial structures

From now on we focus our interest on Fe/FeF,,
whose magnetic properties are qualitatively very
similar to other Fe/MF, systems. In addition, we
limit our interest to the (110) compensated AF
interface.

The Fe/FeF, interfaces are modeled in a super-
cell geometry as periodically repeated sequences of
Fe and FeF, slabs. The FeF, slab is modeled as an
ideal truncation of the lattice along the (110)
crystal face of the corresponding bulk structure.
As FeF; is significantly stiffer than pure Fe the
experimental lattice parameters of FeF, were used.
However, the misfit of the two bulk lattices is quite
significant, so that to match the surface unit cells
the Fe slab had to be distorted considerably. We
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did this in two different ways: in one case by in-
plane expansion and in the other by in-plane
contraction, which we denote as BCT and FCT-
like, respectively. Adopting these two extreme
configurations, with either one or two bulk Fe
atoms per metal atom of the fluoride surface, we
intend to establish upper and lower bounds for the
computed values of the exchange parameters. The
Fe slab distortion preserves, in all the calculations,
the density of bulk BCC iron. The interslab
distance is obtained by minimizing the total energy
of the superlattice, and the distance between Fe
atoms, on both sides of the interface, results equal
to 3.2 A. This distance should be compared with
the first neighbor distance of Fe atoms in bulk Fe,
which is 2.5 /OX, and in the rutile structure where it
amounts to 3.7A.

As a first approximation we adopt a supercell
consisting of one monolayer of FeF, (110) and
three monolayers of Fe (00 1). Therefore the unit
cell contains: in the BCT-like case (3 BCT) 8 Fe
atoms and 4F atoms and, in the FCT like case
(3FCT) 14 Fe atoms and 4 F atoms, as illustrated
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Fig. 2. Supercells used in the calculations. (a) 3 BCT (b) 3FCT. Large circles represent the Fe atoms, small ones the F atoms. The
atoms on the vertices of the tetragonal cell are of Fel-type, while the ones at the face center are Fe2-type. The three layers of bulk Fe
atoms are the darker ones in the vicinity of the mid-height of the cell.
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Table 2

Total energies per unit cell (in meV) of the model superlattices
illustrated in Fig. 2 for the various magnetic configurations. F
and AF indicate the orientation of the spin with respect to the
external magnetic field. In each column the lowest energy state
is taken as the zero of energy

Configuration Fel Fe2 AE AE AE
FCT 3BCT SBCT

A F F 0 23 37

B AF AF 283 163 175

C F AF 141 44 80

D AF F 23 0 0

in Fig. 2. For the BCT-like case we also imple-
mented the computation for five Fe (5BCT)
monolayers and the results obtained differed from
those of the three layer case within the accuracy of
the whole calculation. The total energies are given
in Table 2 for the different supercells in four
magnetic configurations, denoted as A, B, C and
D, which are all stable local minima. To build
Table 2 it is assumed that the applied external
magnetic field is strong enough to orient the spins
in the Fe slab in a particular direction and there-
fore only the four possible spin orientations of the
two metal atoms of the fluoride layer (Fel and Fe2
in Fig.2) must be investigated. The magnetic
moments, obtained by subtracting the two spin
densities inside the corresponding muffin-tin sphe-
res, are 3.1 and 3.5 pg for Fel and Fe2, while the
same calculation for bulk FeF, gives 3.6 ug. This
implies that the Fe atoms of the fluoride mono-
layer are only slightly modified, with respect to
bulk fluoride, by the presence of the Fe metal slab.

In order to implement the above described Ising
type model the energy difference between any two
of the magnetic configurations has been separated
into three terms: the first describes the interaction
between Fel and Fe2 (AE),), the second and third
the interaction between Fel and Fe2 with the
whole Fe slab (AE};) and (AE>;), respectively. Thus

En — Eg = AE|; + AEy;, 3)
Ex — Ec = AEp + AEy;, 4)
Ex — Ep = AE» + AE;. (5)

Solving this system of equations using the values
given in Table 2 we obtain the following results:
for BCT-like iron AE|;; = +70meV, AE;; = —48
meV, AE,; = —92meV. For FCT-like iron: AE|; =
+60meV, AE;; = —-82meV, AE,; = —200meV.
The Fel-Fe2 interaction is AF, and is smaller
than in bulk fluoride (see Table 1) since metal
atoms at the fluoride surface have a reduced
number of F neighbors. On the other hand, the
interaction between the fluoride iron atoms and
the iron slab is of the opposite sign. The fact that
the interfacial interaction is considerably larger for
the FCT-like structure is of course due to the
larger coordination of the interfacial Fe atoms.
Regarding the difference between AE); and AE);,
we notice that the presence of F mediating the
interaction between two Fe atoms, as expected,
weakens the strength of the ferromagnetic ex-
change coupling.

These energy differences should be expressed, as
in Eq. (1), by sums over neighbors of the product
of the spins times the corresponding exchange
coupling constants. Not being able to estimate
separately so many parameters we have assimi-
lated all the unknowns into the three energies
E\y, Ey;, E>;. These energies play the role of
effective coupling constants. Thus, as in Ref. [23],
we have incorporated the magnitude of the
different spins into the exchange constants J. In
addition to that, our AE’s include the degeneracy
of each type of neighbor atoms and for the case of
the bulk metal they also include non-equivalent
interactions.

4. Discussion and conclusions

When addressing the study of interface magnetic
exchange coupling, the main unknown feature is
the interface atomic structure, which implies that
crucial assumptions on the atomic distribution in
the neighborhood of the interface have to be made.

In this paper, total energy calculations were
performed for several bulk fluorides in the rutile
structure and provide reasonable estimates for the
exchange coupling constants J. Thus, it seems
quite likely that a correct description for the
interface constants can be achieved, provided that
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an adequate model for the interface atomic
geometry is conjectured. Two extreme limiting
cases of the Fe/FeF, system were explored, and
they yield values of J that are quite close to each
other and of the correct order of magnitude.
Therefore, these should be useful in the study of
interface dominated mechanisms, in particular, for
numerical simulations of interface properties like
the study of the exchange bias phenomenon.
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