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Calculation of the shape of the potential well of Mn?* in SrCl,
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The shape of the potential energy well of Mn®>* as an impurity in SrCl, has been calculated, using the
method of Wilson et al. for a polarizable-point-ion model. For these calculations the parameters of the Born
repulsion potential B exp(— r/p) have been derived for the Sr-Cl and Mn-Cl interaction. It has been shown
that the potential energy varies less than 0.01 eV over distances of 0.3, 0.5, and 0.4 A along {100,
{111, and {110, respectively. This result is in agreement with experiment.

I. INTRODUCTION

Recent experiments on the electric-field effect
in EPR of SrCl, : Mn** have shown that the shape
of the potential well, that is seen by the Mn®* ion,
is very flat,! SrCl,has the well-known fluorite
structure, which consists of three interpenetra-
ting fcc lattices; the Sr ions are at (0,0, 0), the
C1(1) at (0.25,0.25,0.25), and CL(2) at (0.75, 0,75,
0.75). A simple one-dimensional model reveals
that for displacements of the impurity along the
(311) direction the potential-energy curve should
have the form indicated in Fig. 1. The system
can be described as an intermediate system be-
tween an off-center and a normal substitutional
system. In this case there is a cancellation of
mainly repulsive and polarization forces over a
gistance of about 0.5 A. The methods that have
been developed for the calculation of the form of
the potential well of off-center systems$, can also
be applied to the SrCl, : Mn®** system. In this pa-
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FIG. 1. Approximate form of the potential well, seen
by the Mn?* ion for displacements along the (111) dir-
ection. This shape of the well is based on experimental
results of the electric field effect in EPR of SrCl,:
Mn®* (Ref.1). The wave functions and energy levels
have been indicated.

per we present results of such calculations; our

principal aim has been to find a theoretical con-

firmation that the potential energy curve for dis-
placements of the impurity along the (111) is flat
within 0.01 eV over a distance of about 0.5 A.

II. METHOD OF CALCULATION

We use the polarizable-point-ion (PPI) model in
order to describe the interactions between the
ions. The use of the PPI model is justified, be-
cause the binding in SrCl,is known to be almost
fully ionic. The method for the calculation of the
form of the potential well is described elsewhere,?
and is a slight variation of the one used by Wilson
et al.? for the calculations on KC1:Li*. The read-
eris referredto Ref. 2 for the expressions that give
the various contributions to the potential energy.
Because we are dealing with a different crystal
structure, the Taylor-series expansion of the
electrostatic potential of the unperturbed lattice
for a displacement of the impurity from its lat-
tice site T to the actual position ¥/ now reads
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FIG. 2. Schematic representation of displacement
parameters for a displacement of the impurity along
the (100) directions. The parameters have been indi-
cated only for one of each group of ions, which are equiv-
alent by C,, symmetry.
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FIG. 3. Schematic representation of displacement
parameters for a displacement of the impurity along
the {(111) directions. The parameters have been indi-
cated only for one of each group of ions, which are
equivalent by C,,, symmetry.
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FIG. 4. Schematic representation of displacement para-
meters for a displacement of the impurity along the
{110) directions. The parameters have been indicated
only for one of each group of ions, which are equivalent
by C,, symmetry.

V() =§ [183.8186(x + x% + x%) — 551.4558(x2x2 + 22 + 6242 ) — 677.0429 (] + &5 + x5 ) — 60933.8600x5 x5x5

+50TT7.821T(x{x2 + 505+ xax? + xix%+ xax? + x5 )], (1)

for the Sr?* site, where « is the lattice constant, ¥’ — ¥ =aX, and e is the elementary charge. For a Cl(1)

ion we have

V(®) =§ [614.4907x, x,x,— 298.3332(xd + x2 + &%) + 894.9997(x%x2 + x24% + 5747 ) + 550.3870(x2 + 25+ 23)

+49534.825Tx%x2x2 — 4127.9021 (xix% + x242 + %% + xia2 + x0x% + x%42)] . (2)

For a CI(2) ion the coefficient of x;x,x,has to be
-614,4907,

The calculations were carried out for displace-
ment of the Mn** ion along the (100), (111), and
(110) directions. The relaxation of the ions is
described in these cases by the displacement pa-
rameters, which are represented schematically
in Figs. 2-4.

III. DETERMINATION OF PP MODEL PARAMETERS

A. Polarizabilities

The polarizabilities of Sr®" and C1- were taken
from the work of Tessman ef al.* For a2+ We
used the value, obtained in Ref. 2.

B. Short-range interactions

As compared to the alkali halides, little sys-
tematic work has been done (except for the flu-
orides [see, e.g., Ref. 5]) on the alkaline-earth
halides, and nothing is known about the short-
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range potential for the Mn-Cl interaction. There-
fore we have to resort to ad hoc methods for a
first approximation of the short-range potentials.

1. Short-range interaction of Sr-Cl and CI-CI

Following the line of reasoning used for the al-
kali halides, we try to determine the short-range
potential from the elastic constants of SrCl,. If
we assume, that there is only short-range inter-
action between Sr-Cl and nearest neighbors
C1(1)-C1(2), there are four force constants that have
to be determined. In a crystal with cubic sym-_
metry, there are three elastic constants. How-

.ever, the electronic polarizability of the ions

appears in the expression for C,. Because of
this, the determination of the force constants is
not as straightforward as for the alkali halides.
Kiihner et al.® have determined force constants
for the Axe shell model.” The values are A(Sr-Cl)
=33.600; B(Sr-Cl)=-2.5074; A[C1(1)-C1(2)]
=4.2452; B[C1(1)-C1(2)]=0.09484, where
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TABLE I.. Input data.

Lattice constant: 6.984 A

Vo (Mn=C1) =2.47 A5 7 min Sr-CD=2.87 &; 7 min (C1-C1)=3.32/3.14 A

Repulsion parameters

- Polarizabilities
B (erg) I (A) (2\3)
Mn Sr Cl Mn Sr Cl
Mn 0 0 1.4734% 1078 e eee0.2264 0.912
Sr 0 0 3.0570x10"7T ... ces’0.2257 1.55
Cl 1.4734x1078 3.0570x10~7 .1.9661x10°% 0.2664 0.2257 0.3214 2.974

1 dgs® <e2)

- = Bl=— 3
v ar by ™ P\, ) ®
d2 SR ez

¢P | Al 4
ar?|r} A<v0> ’ ‘ (4)
"(') :%70 V3 ’ (5)
v, =273, (6)

where 7, is the nearest-neighbor CI(1)-CL(2) dis-
tance =3.492 A. For the Sr-Cl interaction, we can
evaluate the parameters B and p of a Born repul-
sive potential

D 5,c1(7) = Bexp(—7/p) . (7

The results are given in Table I. For the
CI1(1)-C1(2) interaction, we note that B and A are
both positive so that at this distance the short-
range part of the C1(1)-Cl1(2) potential is attrac-
tive. This means, that the van der Waals term

is of the same order of magnitude as the repul-
sion terms; it is not possible in this way to eval-
uate the form of the short-range interaction from
the force constants. Recently, Catlow et al.® have
determined two sets of short-range potentials for
the alkali halides. There are some difficulties
with their potentials, especially for interionic dis-
tances smaller than ~3.5 A, because of the un-
availability of experimental data in the alkali ha-
lides in this region. For our calculations this
region is of special importance., The equilibrium
distance of nearest-neighbor chlorine ions in
SrCl, is 3.49 ./31, and consequently one needs the
short-range potential for distances between about
3.1 and 4.0 A. According to the second potential,
the equilibrium distance of 3.49 A lies in the re-
pulsive region. The Axe shell model, however,
yields an attractive interaction. Because of these
uncertainties, we have taken the more simple po-
tential from the first set for the Cl-Cl interaction
in LiCl. The equilibrium distance of the chlorine

ions in LiCl is approximately the same as in SrCl,.

2. Mn-Cl repulision

We now turn our attention to the problem of find-
ing the Mn-Cl repulsion. We have determined the
Mn-Cl1 repulsion from the Raman frequencies of
MnCl,. MnCl, has the trigonal CdCl, structure.®
Its space group is D},. The crystal is composed
of layers; each layer consists of three planes,
one of Mn ions surrounded on either side by a
plane of chlorine ions. The hexagonal unit cell
contains three of these layers. If we put the Mn
ions in the (0, 0, 0) position, then the chlorine ions
are in the (0, 0,+%) positions. For all the crystals
in the CdCl, family % is between 0.25 and 0.26.°
For MnCl, the value of 7 is not known. We as-
sume that it is 0.25.

Ghosh'® has successfully explained the frequen-
cies of the infrared and Raman modes by assum-
ing that there are only binding forces inside the
layers. It is assumed that the layers are held to-
gether by van der Waals forces, which are about
100 times as weak as the intralayer forces. In
the following we shall derive the form of the re-
pulsion potential for the Mn-Cl interaction, adopt-
ing the PPI model. Whether this is justified, will
become evident from the results of this calcula-
tion, and ultimately from the results of the
SrCl, : Mn** calculations.

We shall assume that we have rigid planes, so
the positions of the ions in the planes are fixed.
Further we shall assume, that there are only in-
tralayer forces. The vibrational modes of the
planes in one layer are given schematically in

Fig. 5.
3 1 ‘Iil 1 2 3
A2u Eu \

FIG. 5. Vibrational modes of MnCl,.
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Plane 2

FIG. 6. Sketch of two planes in MnCl, with relevant
quantities (see text).

The A,, and E, mode are Raman active and the
A,, and E, mode are infrared active. We shall use
the experimental values of the Raman frequencies,
because then the polarizability of Mn®* is not in-
volved. Denoting the distance from plane 1 to 2,
and of plane 2 to 3 by d, and the displacement of
plane 3 relative to plane 2 along the plane 3, by »
(Fig. 6), the potential energy of a layer is a func-
tion of d and #. We have the equilibrium condition

dV(d,u)

7 =0, , (8)

d=dg,, u=0

Because of symmetry,

dvi(d,u)

£ =0. o

d:do, u =0

From the equations of motion, we have

a*v
2mwi(4,,)= —% (10)
€A% |y gy, u=o
and
dazv
2mw?(E,) == . (11)
E=G 0

Consequently, we have to derive an expression
for V(d,u). We split V into

V(d, w) = Ve(d, u) + Vgl(d, ) . ’ (12)

Ve is the Coulomb part, and V, is the short-range
part of the total potential energy. V. can be writ-
ten

Ve=Zged,(d,u)+2Zsed,(d,u) -~ 2X5aE: . (13)

Here Z, is the charge of the ions in plane 3, ¢, the
Coulomb potential of plane 1 at plane 3, ¢, the
Coulomb potential of plane 2 at plane 3, and E, the
total electric field at plane 3. Setting up a coor-
dinate system with axes &, (=a,8,), &, (=a,8,) and

5 _dy(8,X3,)
as (2, %%, (=dogs), (14)
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(Fig. 6) we can show that

1
p(du)=Ze T _ (15a)
FY3 k1
where

FOC=[(k=41-1-6V3)8,
+ (BT -3 - 8)8,~ 2v8,] a, (15b)
and

1

Bk (16a)

@s(d, u) =Zzez
ki

where

'I’.gllnCl= [(k - %l -— ";‘ - éa‘/ﬁ‘)’él

+(GIVT =5V3 - 50)&,-v&,]a,, (16b)

and

d=vya, 1)
and

u="5a,. (18)
E, can be written

E,=E;+Ey), (19)
where ,

EBo=-9D 48 (20)

The positions of the ions in plane 3 relative to one
particular Cl- ion are given by

S:u = (K8, +18,)a,. (21)

It is very easy to see, that in equilibrium there
will be static dipolar moments on the C1™ ions,
which are perpendicular to the planes. If we ne-
glect dipolar moments, directed along the planes,
and the field of the dipoles of plane 1 at plane 3,
upon displacement of the planes from their equi-
librium, we can write

Edip: - Z ._'P " ’ (22)
| B[S,
Skll =0
»where
p=ak,. (23)

From (19), (22), and (23) now follows

E,=E,/C,, (24)
with

Coo=(1+a

71
Is,, | =0

CHER 25)
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FIG. 7. Graphs of repul-
sion potentials of Mn-Cl
and Sr-Cl interaction.
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For the short-range part of the potential energy
in (12) we can write

Vsr(d) =6¢ . _ (r(d)), (26)
where
r(d) = (sag+d*)">. (27)

Now we have expressions for V(d,u), from which
follow after some algebra the expressions for the
derivatives of V(d,u). a, has the value 3.7061 A,
and from the value of ¢, we calculate d,=1.464 A.
From the equilibrium condition (8) we obtain

o' _(r(dy))= -3.282x10~*dyn.

As quoted in Ref. 10, w(4,,) =234.5 cm~'. By (10),
we have ¢'/(v(d,)) = —6.5x10*dyn/cm. Evidently,
this is the wrong sign. So we have neglected
something in our model, or we have used inaccu-
rate input data, such as the value of 2. We note
that the equilibrium Mn-Cl distance is about 2.6
A, whereas the distance of planes 1 and 2 is about
1.4 A. This means that the angle between the line
connecting the Mn and Cl ions, and the normal to
the plane is ~60° which enhances the error in the
value of #. We expect that E, motion suffers less
from this effect. As quoted in Ref. 10, w(E,)=144
cm~', From (8) and (11) we determine ¢’ as

¢ *(r(d,))=1.232x10°dyn/cm..
Assuming a Born repulsive potential, we have
() =1.4734x10 % exp — /0.2664 (erg) . (28)

These values are of the right order of magnitude.
The potentials for the short-range interaction be-
tween Sr-Cl and Mn-Cl are displayed in Fig. 7.
We observe that the Mn-Cl1 potential indeed yields
a repulsion weaker than the Sr-Cl potential for
distances smaller than ~3 f&, which is the equilib-
rium distance in SrCL,.

In order to prevent a “polarization catastrophe,”
a defect of the PPI model in some of the calcula-
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FIG. 8. Calculated potential energy of Mn®* in
SrCl, as a function of the displacement of the impurity
along the (100) directions, with 7,;,=3.32 A.

in

tions on the alkali halides®?a term
¢ (¥)=100000[1 - (»/¥m) | €V,

is added to the repulsion potential for » smaller
than an adjustable distance #,,;,.

1IV. CALCULATIONS

The input data for SrCl,: Mn** are summarized
in Table I. The results are given in Figs. 8-13.
We added a term 0.34/7%(eV) to the Born repul-
sion potential for Cl1-Cl interaction (in accordance
with Sec. 1II B 1) if the distance between the chlo-
rine ions was greater than 7,,. The number of
relaxing ions was 21. For the number of ions in
region I+II, *we have taken 131. For this number,
the total charge of the ions surrounding the impu-
rity is —4e. For a number of 421 ions this charge
is zero. But this implies a lengthening of com-
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FIG. 9. Calculated potential energy of Mn®* in SrCl,

as a function of the displacement of the impurity along
the (111) directions, with #y,=3.32 A.
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FIG. 10. Calculated potential energy of Mn?* in
SrCl, as a function of the displacement of the impurity
along the (110) directions, with #y,=3.32 A.

puting time by a factor 10. Then for one iteration
step in the program for the (111) direction we
needed about 2000 sec CP time on the Control
Data Corp. Cyber computer of our university,
which is too much to be manageable. The total
energy changes about 0.001 eV in going from
N1+N2=131to 421. -

Initially 7, was taken to be 5% less than the
equilibrium distance in the corresponding pure
crystal. #,,,(C1-Cl) is about the double of the
Tosi-Fumi ionic radius of C1~. With this value
of 7,,;,(C1-Cl) it turned out that, for all positions
of the Mn?*, the distance of some chlorine ions be-
came equal to 7,;,. We decided to reduce ¥nin
(C1-C1) to a value 10% less than the equilibrium
distance in the pure SrCl, lattice. But now the de-
velopment of a polarization catastrophe between
the chlorines is no longer prevented. In the
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FIG. 11. Calculated potential energy of Mn?* in
SrCl, as a function of the displacement of the impurity
along the (100) directions, with 7,,;,=3.14 A.
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FIG. 12. Calculated potential energy of Mn?* in
SrCl, as a function of the displacement of the impurity
along the (111) directions, with 7y,;,=3.14 A.

dashed regions of the curves in Figs. 11-13, we
have a very large negative polarization energy,
which is not balanced by the Coulomb and repul-
sion terms. The values of the displacement pa-
rameters for displacement of the impurity in the
(111) direction, show that the ion numbered 2 in Fig. 3
tries to jg\mp into the hole that is left by displace-
ment of the Mn®*, The ions in the plane formed by
the ions 3, 4, and 6 are at 7, from the plane
formed by the ions numbered 5, 7, and 8.

V. CONCLUSIONS

In view of the several uncertainties in the short-
range potentials, which we are certainly aware of,
the results are quite satisfactory. When we ex-
clude the dashed regions in Figs. 11-13, we can
conclude that the potential energy curve for dis-
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FIG. 13. Calculated potential energy of Mn2?* in
SrCl, as a function of the displacement of the impurity
in the (110) directions, with #,;,=3.14 A.
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placement in the (111) direction is flat within 0.01
eV over a distance of 0.5 A. In the other direc-
tions we have a similar behavior. The finer
structure in the potential energy curve should not
be considered as an evidence for the structure,
that has been established experimentally, partly
because of the occurrence of the “polarization ca-
tastrophe,” and partly because of the unavailabil-
ity of accurate input data.
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