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We report the results of a detailed atomistic computer-simulation study of defect structure and
energetics in doped and undoped MnF, and MgF,. Our calculations, using improved interatomic
potentials over earlier studies, also take into account the anisotropy in the structure. We predict
anion Frenkel disorder to predominate intrinsically, but find that the anion interstitial adopts a
more complex split-interstitial structure, involving a lattice anion, instead of merely sitting in a

" straightforward interstice.

This complex defect structure is found to associate strongly with

trivalent dopants, the association giving rise to low-symmetry dipolar structures. Our calculations
of anion-migration activation energies are consistent with an interstitial mechanism. Further com-
parisons between our calculations and experiment are presented.

I. INTRODUCTION

Studies of the defect structure of MnF, and MgF, crys-
tals are of considerable interest, since these crystals have
the tetragonal rutile structure and therefore must show
anisotropy in their defect-transport processes. The
preceding paper! has made a study, not only of ionic con-
ductivity, but also of low-temperature dielectric relaxa-
tion, particularly in trivalent-ion (Er3* and Y**) -doped
MnF,, as a function of crystallographic orientation. A
striking result reported is the presence of dielectric-loss
peaks of low activation energies (~7-50 meV). Such loss
peaks are not likely to be controlled by defect jumps on
the scale of lattice distances, but are more likely due to
the reorientation of an “‘off-center,” or more generally, an
“off-symmetry,” type of defect configuration.

The rutile-structured fluorides are strongly ionic and it
should, therefore, be possible to perform reliable
computer-simulation studies on them, using the tech-
niques that have been applied with such success to the al-
kali halides®? and the alkaline-earth fluorides.* In fact,
such a computer-simulation study was carried out earlier
by Catlow et al.> However, this study utilized the simu-
lation code HADESII, which was designed for crystals
with cubic symmetry and, therefore, could not take fully
into account the dielectric anisotropy of the continuum
component of the simulation. The present study is a
reexamination of the problem using a code which was
designed to handle noncubic crystals. In addition, F-F
short-range potentials used in these calculations, obtained
from an extensive study of the alkaline-earth fluorides,*
are regarded as superior to those employed in the earlier
work. Using these improved procedures, we have calcu-
lated intrinsic defect-formation and migration energies
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and also examined the question of off-symmetry defects
involving trivalent cation dopants.

II. METHODS AND POTENTIALS

We use the standard two-body Mott-Littleton pro-
cedures embodied in the CASCADE code, developed by
Leslie,® which is closely related to the HADES III code.”
In this approach the crystal is divided into two regions.
The inner region, called region I, immediately surrounds
the defect, containing typically 100—150 ions. This re-
gion is treated atomistically, following the Born model,
using pairwise interatomic potentials. The outer region,
called region II, is treated as a dielectric continuum
whose polarization is found from the Mott-Littleton
theory. An interface region is included for consistency
between the two different approaches. An important part
of the defect energy is the reequilibration of the structure
in response to differences in interatomic potential associ-
ated with the defect. This is done by minimizing the en-
ergy of region I as a function of (explicit) atomic position,
subject to the constraint that region II also be in equilib-
rium. Reviews of both methodology and achievements of
these simulation programs are available in the mono-
graph edited by Catlow and Mackrodt.® In the CASCADE
and HADESIII programs, full allowance is made of any an-
isotropy that might arise from either the crystal symme-
try or the lower-symmetry defect structure. The earlier
work of Catlow et al.’ used a simpler simulation code,
HADES II, which imposed cubic-symmetry constraints.

An important aspect of calculations on noncubic ma-
terials is that, in general, it is not possible to derive a
central-force potential for which the crystal is fully in
equilibrium with the observed structure. Therefore, in
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defect calculations which relax a region of the crystal (re-
gion I) around the defect, some of the relaxation energy is
attributable to relaxation of the perfect lattice, and not
due to the effect of the defect. This problem may be over-
come by estimating the relaxation energy of region I, in
the absence of the defect; the resulting energy is then sub-
tracted from the calculated defect energy to give the true
energy. An alternative, simpler procedure is to relax the
whole crystal structure to equilibrium before performing
the defect calculations. In the present paper we report
energies obtained using the former procedure, although
we found no significant differences when calculations
were repeated using the latter method.

The calculations were mostly performed on the Cray
Research, Inc. 1s computer at the University of London
Computer Centre, London, United Kingdom, although

" those involving migration energies were carried out on a
Digital Equipment Corporation VAX11/780 computer at
the New York State College of Ceramics and at the Cor-
nell National Supercomputer Facility. An inner region I
containing between 120 and 150 ions was used for all the
calculations; experience has indicated that fewer ions in
region I do not permit complete equilibration of the crys-
tal. We note in passing that the lower tetragonal symme-
try of the rutile structure means that the memory re-
quirements for these calculations are greater than would
be necessary for similar calculations on crystals with cu-
bic symmetry.

It is well established that the reliability of the results of
modern defect simulations is largely dependent on the
quality of the interatomic potentials employed. In the
present study, we used standard Born model potentials
with integral ionic charges and the shell model to
represent ion polarizability (for a more detailed discus-
sion, see Ref. 9). The analytical form of the potential is
written

q:9;
;”] +Aijexp

u

— L —cyr;t,

ijlij

V()=

Pij

where the parameters A4;;, p;;, and C;; are optimized for
each particular interaction. Details of the parameters
and the physical properties calculated for MnF, and
MgF, are found in the Appendix.

Because charged defects will polarize other ions in the
crystal, ion polarizability must be incorporated into the
potential model. In our case, this is done through use of
the shell model of Dick and Overhauser.!® In this sim-
ple, but effective model, the ion is composed of a core
(representing the nucleus and core electrons) and a shell
(representing the valence electrons). The total, formal,
charge on the ion is divided between the core and shell in
such a way as to reproduce the ion polarizability, given in
the model by a=Y?/k, where Y is the shell charge and k
is the harmonic spring constant coupling the core and
shell. The effectiveness of this model can be gauged by
comparing the calculated and observed dielectric con-
stants given in the Appendix. Short-range forces were
taken as acting between cations and anions, and between
anions and anions; cation-cation short-range interactions
were neglected, an approximation we consider to be
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justified, given the large cation-cation separations in the
crystals. The F-F short-range potential parameters used
in the calculations are similar to those employed by
Catlow et al.* in their study of the alkaline-earth
fluorides. Because this potential was fitted to the proper-
ties of all three alkaline-earth fluorides with the fluorite
structure, a range of F-F separations is sampled and we
feel very confident about its validity. The only difference
is that we found it more convenient to use the straightfor-
ward Buckingham potential rather than the splined form.
In the previous work of Catlow et al.,* the F-F potential
parameters were included, along with the M-F parame-
ters, in the fit to the crystal properties. In the present
case, only the M-F parameters were varied, and were
found by empirical fitting procedures, using the measured
elastic and dielectric constants. The resulting parame-
ters, together with the calculated and experimental crys-
tal data are reported in the Appendix. We note that an
earlier theoretical study on MnF, and MgF, by Cran and
Sangsterll used a force-constant model to obtain elastic,
dielectric, and phonon properties. Such a model cannot,
however, be used to obtain defect energies.

III. RESULTS

A. Intrinsic disorder

Defect-formation energies for cation and anion vacan-
cies and for anion interstitials are given in Table I. They
have been corrected for the residual relaxation energy
discussed in Sec. II, the value of which is also given, for
an inner region I containing 150 ions. By considering the
quasichemical defect-formation reactions, the energies of
Frenkel pairs and Schottky trios may be obtained. For
example, the anion Frenkel formation reaction takes a
lattice anion, Fg from its regular site, creating an intersti-

TABLE 1. Defect-formation energies.

MnF,

Defect Energy (eV)?
Vun 23.11
Ve 5.52
F;, tetrahedral —2.39
F;, octahedral —2.27
F,, split —2.46

MgF,

Defect Energy (eV)®
Ve 25.56
Ve 6.21
F;, tetrahedral —1.22
F;, octahedral —1.29
F;, split —1.32

#Corrected for residual relaxation energy of 0.48 eV (see text).
®Corrected for residual relaxation energy of 0.22 eV (see text).
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tial ion F; and an anion vacancy Vg to give the following
reaction:

Fp— Vg +F, .

(Schottky energies also require the calculated lattice ener-
gy of the crystals reported in the Appendix along with
the other crystal data.) The results are compared in
Table II with those of the earlier study.?

In the case of anion interstitials, three models were
considered, viz., octahedral and tetrahedral interstitial
sites and a split-interstitial configuration. This latter de-
fect structure, shown in Fig. 1(b), consists of two F~ ions
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TABLE II. Intrinsic disorder energies.

Type of disorder Energy per defect (eV)

MnF, MgF,
(a) (b) (a) (b)
Schottky 1.99 1.83¢ 2.89 2.19¢
Anion Frenkel 1.53 1.94 2.44 2.55
Cation Frenkel 3.09 2.78 4.56 3.75

2 Present study.

® From Catlow et al. (Ref. 5).

°In the original paper (Ref. S) the Schottky energy, which was
reported as the triplet, was, in fact, the energy per defect.
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FIG. 1. Projection of the rutile structure on (001): (a) showing the position of a simple F ~ interstitial at (%,0,0) and (b) showing

the structure of a split-interstitial defect. The presence of the interstitial near (%,0,0)

to be displaced towards (0,-,0).
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occupying octahedral interstitial sites neighboring an
anion vacancy. This configuration occurs because the in-
troduction of a single F~ ion into an octahedral intersti-
tial position causes the neighboring lattice anion to be
displaced into another interstitial position, resulting in
two interstitial species and a vacancy. There is still only
a net of one interstitial ion, but now it is split between
two sites—hence the description “split interstitial.”

The energies of the three configurations are very
similar—a result which has considerable consequences
for the interpretation of F™ -ion migration in the materi-
al. The calculated Frenkel energies reported were ob-
tained using the split-interstitial energy, which is margin-
ally favored for both crystals. (In fact, as the size of re-
gion is increased, the split-interstitial structure becomes
more stable relative to the simple interstitial
configurations.) The two anions in the split interstitial
were found to remain on the z =0 mirror plane [which is
the (001) plane that contains the cation], in spite of re-
peated efforts to find a lower-energy asymmetrical
configuration. This is significant in the light of our later
results for the structure of this complex in the presence of
foreign or dopant cations, which we discuss below.

B. Dopant energies and defect structure

In this subsection we discuss the energy and structure
of defects associated with dopants. For MnF, the
dopants considered are Er’* and Y3, while for MgF, we
looked at a Sc** dopant. In these three cases the binding
energy and structure of the dopant and compensating F
interstitial were examined for a low-symmetry
configuration. In addition, because Schottky disorder
would give rise to a compensating cation vacancy, the
structure of an Er dopant and V), complex (in MnF,)
was calculated to see if this might also provide an ex-
planation for the relaxation peaks described in the previ-
ous paper.! In spite of removing all symmetry con-
straints, the structure around the (Ery,* V) complex re-
tained its natural lattice symmetry. This result has two
consequences. First, it cannot be used to explain the re-
laxation effects described earlier,! and second, it adds
support to our conclusion that anion Frenkel, rather than
Schottky, disorder dominates in this material.

Next, we consider the interaction between the dopants,
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Er’t and Y?' with a F~ interstitial, in MnF,. We recall
that the structure of the anion interstitial involves more
than a single interstitial species (being a split interstitial),
and hence we would expect the structure of the dopant-
interstitial complex to be similar, especially given the re-
laxation effects that have been observed experimentally in
doped crystals. As we shall see, the computer-simulation
techniques offer an insight into the atomistic mechanism
underlying the observed relaxation effects that are
difficult to obtain by other means. First of all, we exam-
ined the energy of the dopant interacting with a simple
interstitial, then with the split-interstitial configuration,
and then, third, with the two F~ ions displaced in an
asymmetric fashion (one above and one below) from the
z =0 mirror plane. This last structure was found to have
the lowest energy, although as the ions are symmetrical
with respect to the (110) mirror plane, this defect struc-
ture does not have an asymmetry consistent with the re-
laxation peaks seen by Ling and Nowick. !

Therefore, a lower-symmetry configuration was deli-
berately sought. In this calculation any remaining sym-
metry was removed completely by suitably distorting the
initial configuration. The resulting equilibrium structure
of this defect had the same energy as the previous low-
symmetry structure, but was clearly a different structure,
now being asymmetrical both parallel and perpendicular
to c. The coordinates of these configurations are reported
in Table III, and the dopant-interstitial binding energies
are summarized in Table IV. Note that only one energy
for each dopant in MnF, is given, because both off-the-
mirror-plane asymmetric configurations have the same
calculated energy.

In the isolated, split-interstitial, structure (in the ab-
sence of dopants) the F interstitials remain in the basal
mirror plane; thus the low-symmetry structures just de-
scribed are only predicted to occur in doped MnF, sam-
ples, not in the pure material. This result also matches
the experimental findings in the previous paper.!

Finally, we set up a similar low-symmetry
configuration for a split interstitial—the scandium
dopant in MgF,. In this case, however, the F ions in the
defect complex returned to the mirror plane, indicating a
different behavior for Sc-doped MgF, compared to doped
MnF,.

The asymmetric configuration (a) in Table III meets

TABLE III. Low-symmetry dopant-interstitial defect configurations. The origin is taken as the posi-

tion of the unrelaxed dopant ion.

Asymmetric dipolar

Symmetric off-mirror plane

configuration configurations
Species x y z x y z

Erpn 0.017 0.037 0.004 0.031 0.031 0.00
F 0.462 0.193 —0.037 0.483 0.138 —0.063
F . 0.075 0.487 0.103 0.138 0.483 0.063
YMn 0.013 0.036 0.006 0.029 0.029 0.0
F; 0.439 0.191 —0.059 0.462 0.126 —0.073
F; 0.053 0.461 0.117 0.126 0.462 0.073
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TABLE IV. Dopant-anion interstitial interaction energies.
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TABLE V. Migration energies in MnF,.

MnF, Binding energy (eV) Cation-vacancy mechanisms [Fig. 2(a)]
(a) (b) Jump direction Energy (eV)
Er-F; 0.90 0.94 [100] 1.18
Y-F; 0.73 0.80 [001] 1.33
o [111] 1.37
MgF, Binding energy (eV) Anion-vacancy mechanisms [Fig. 2(b)]
Sc-F; 1.56 Jump Energy (eV)
2 On-the-mirror-plane configuration. (1) 0.40
b Asymmetric configuration. () 1.07
' (3) 0.91

the requirement for an off-symmetry defect to account for
the low-temperature dielectric relaxation results of paper
I. It is a triclinic defect that is asymmetric both with
respect to the (001) and the (110) planes. Accordingly, it
can give rise to relaxation in orientations both parallel
and perpendicular to the ¢ axis. The small displacements
of the two F; ions from the (001), or z =0, plane also sug-
gest that the activation energy for reorientation parallel
to the c¢ axis is extremely low. Thus, these calculations
accord very nicely with the experimental result on Er-
and Y-doped MnF,.! Note that the energy differences in
Table IV would have to be resolved into their com-
ponents parallel and perpendicular to the ¢ axis in order
to compare with the activation energies for dielectric re-
laxation reported in paper I.! The magnitude of these en-
ergies lies at the limits of accuracy attainable with the
current set of interatomic potentials and so this resolu-
tion was not done. However, the calculated atomic
configuration can be used to estimate the dipole mo-
ments; in this case, the calculations predict p, >p, as dis-
cussed in paper L.}

C. Migration energies

We have considered three different sets of migration
mechanisms: those involving cation vacancies, those in-
volving anion vacancies, and those involving anion inter-

Anion-interstitial mechanisms

Jump mechanism Energy (eV)

along [001] 0.19
in a-b plane 0.12
(saddle-point site: 1,0,0)

stitials. Although the latter are the most significant,
given our findings for the intrinsic disorder, we report the
calculated energies for the others for the sake of com-
pleteness.

1. Cation-vacancy mechanisms

As illustrated schematically in Fig. 2, there are three
possible paths: along [100], [001], and [111], labeled 1, 2,
and 3, respectively. The energies which we report in
Table V are all quite high, being between 1.1 and 1.4 eV,
the lowest along [100]. The difference between these en-
ergies is not very great, suggesting that the ionic-related
migration anisotropy will also not be great.

2. Anion-vacancy mechanisms

From Fig. 3 we again see that there are three possible
mechanisms involving anion vacancies, labeled 1, 2, and
3. The lowest energy (Table V) is found for the jump la-
beled 1, although this, in fact, cannot lead to long-range
transport by itself. Thus the activation energy for anion-

FIG. 2. Diagram of rutile unit cell showing the cation-
vacancy migration paths referred to in the text and Table V.

FIG. 3. Diagram of rutile unit cell showing the anion-
vacancy migration paths referred to in the text and Table V.
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vacancy migration is expected to be of the order of 1 eV,
that found for jump 2. Jump 3, which involves com-
ponents in both the a and ¢ directions, was of too low a
symmetry for calculation on the VAX11/780 computer,
so this calculation was performed at the Cornell Universi-
ty National Supercomputer Facility (NSF). The energy
reported here assumes that the saddle-point site is
(0.555,0.25,0.25). The energies at a number of positions
(about 15) near this site were obtained to support this as-
sumption, and there was no evidence to suggest that the
migration path would be radically different from the one
assumed.

3. Anion-interstitial mechanisms

Here there are two jump mechanisms of interest. First,
there is the migration path along the c-axis channels in
the rutile structure, and secondly there is the migration
in the basal plane to be considered. Our calculations of
the F™ -ion interstitial energy indicate that the saddle-
point position for transport along the ¢ axis would be the
octahedral site which lies in the basal plane. This has a
higher energy than the tetrahedral position at z=7}. The
activation energy is thus the difference between the ener-
gies of the split-interstitial ground state and the octahe-
dral site.

For transport in the basal plane, a natural mechanism
is suggested by the split-interstitial configuration. Mov-
ing the split interstitial from one unit cell to the next in-
volves a saddle-point configuration, which is just the sim-
ple octahedral F™ -ion interstitial; again, the activation
energy is the difference between the energies of these two
configurations.

How do these results fit with the interpretation by Ling
and Nowick, from their conductivity data, of a single in-
terstitialcy mechanism? The two mechanisms just de-
scribed may be considered as components of the intersti-
tialcy mechanism which involves moving a split intersti-
tial from a unit cell at z =0 to an adjacent unit cell at a
position z =1. The saddle-point configuration or the in-
terstitialcy mechanism would have the F~ ion in the
tetrahedral position in the c-axis channel; in addition,
there would be some displacement of the lattice anions
involved in either split-interstitial structure. A calcula-
tion of the energy of this saddle-point configuration
would be quite difficult. The low symmetry would entail
a lengthy computation and several of these would be
necessary to ensure that the true saddle point had been
found. Such a set of calculations was not thought to be
really useful. Rather, the activation energies of the two
simple mechanisms were considered to be representative
of the energy of the interstitialcy mechanism itself.
Clearly the simulations and experiment are in agreement
over the very low magnitude of F™ -ion transport in this
material.

IV. DISCUSSION

Our results are quite different to the earlier work,?
most significantly in the prediction of the dominant mode
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of intrinsic disorder, which we now consider to be of
anion Frenkel type, instead of Schottky. Comparison be-
tween the defect energies obtained in this study with
those reported earlier shows that the major change is in
the value of the Frenkel energy. The difference between
the two sets of calculations can be attributed almost en-
tirely to the changes in the F-F short-range potential:
those used in the earlier study are too repulsive and
softening the potential has led to a lowering of the inter-
stitial energy. The results show the sensitivity of calcu-
lated interstitial energies to potential parameters in close
packed and nearly close-packed crystal structures, such
as the rutile structure. This sensitivity contrasts with a
much weaker dependence on potentials that was found in
the studies of the alkaline-earth fluorides,* which have a
more open structure.

Quantitative comparison between theoretical and ex-
perimental defect energies is only possible for the case of
MnF, at present; analyses of conductivity data give
values of 1.77 eV per defect for the most favorable mode
of intrinsic disorder.! Our calculations suggest this will
be of anion Frenkel type, for which our calculated energy
of 1.53 eV (per defect) is in satisfactory agreement with
that measured.

Furthermore, assuming this defect structure, our cal-
culated activation energies of approximately 0.1-0.2 eV
are in excellent agreement with those deduced from the
conductivity data, which also find very low values of 0.1
eV, both parallel and perpendicular to the unique axis.

In our study of the doped systems, the most significant
result is the prediction of a low-symmetry dipolar
configuration in the case of doped MnF,, but not in un-
doped MnF,, nor in MgF,, either undoped or with Sc
dopants. Such behavior accords with what has been
found experimentally so far. !

In conclusion, this work clearly shows the potential
benefits of detailed computer-simulation studies in eluci-
dating atomistic mechanisms of ion transport and defect
behavior in complex systems. The method is at its most
powerful when combined with experimental studies, as
this present paper demonstrates.

The results also emphasize the need for reliable anion-
anion potential parameters when studying interstitial de-
fect structures, especially in close-packed materials.
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APPENDIX

The potential parameters and crystal properties of the interatomic potential models for (a) MnF, and (b) MgF, are

presented below.

(a) Interatomic potential model for MnF,
Potential parameters Crystal properties

(b) Interatomic potential model for MgF,
Potential parameters Crystal properties

Expt.? Calc. Expt.” Calc.
A, _=1031.0 Cu 10.3 9.8 A, _=682.59 Cy 13.99 13.59
p+-=0.29351 Cy, 8.2 7.8 p+-=0.29797 Ci, 8.93 9.59
C,_=0.0 Cis 7.1 6.1 C,_=0.0 Cis 6.37 6.19
App=1127.7 Ci;3 16.3 17.1 App=1127.7 Ci; 20.42 23.19
prr=0.2753 Cys 3.0 3.5 prr—0.2753 (o 5.7 5.25
CFF =15.8 C66 6.8 7.8 CFF =15.8 C66 9.54 9.63
Ym,=10.735 € 8.9 8.9 Y, =2.000 £ 5.5 5.63
Ky, =1380.622 €y 7.4 7.4 Ky =9999999.9 e” 4.82 4.55
Yp=—1.6395 el 2.2 33 Yp=—1.23357 €5 1.9 1.90
Kr=20.908 el 2.2 3.5 Kg=17.496 £ 1.9 1.90
lattice —56.98 —56.36 lattice —60.74 —59.075
energy energy
(residual lattice strains: bulk 0.7% —4.2%
a=0.8%, c=—2.8%) strains

2From Refs. 12 and 13.

*Present address: Corporate Research Science Laboratories,
Exxon Research and Engineering Company, Clinton Town-
ship, Route 22 East, Annandale, NJ 08801.
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