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Degree of dynamical charge overlay in ionic crystaLs*
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The degree of dynamical charge overlap in SrC12:Sm'+ relative to that in SrF, :Sm + has been determined from
vibronic and static stress Wta and is compared with theoretical results obtained from a classical, extended-

charge shell model. The results definitely imply that there exists less charge overlap in SrC1, than in SrF,. An

analysis based on the extendedwharge shell model indicates that the major source of this result is the high

electronic polarizability of the Cl ion compared to the F ion. Apparently, the electronic charge distribution

of the Cl ion distorts within its own ionic volume rather than penetrates into the charge distribution of its

neighbor. The opposite appears to be the case for the F ion.

I. INTRODUCTION

In a recent paper' it was demonstrated that elec-
tronic charge-overlap effects are apparent in the
dynamical properties of nominally ionic crystals
such as CaF, and SrF, . The charge overlap is
postulated to occur as a result of static or dynamic
displacements of lattice ions against each other.
The degree of such overlap can be expected to de-
pend on the ability of the ions to deform under lat-
tice displacements, i.e., on the electronic polariz-
abilities. In order to illuminate these points, the
investigation has been repeated for SrCl, and the
results are compared with those of SrF, . In these
two crystals the electronic polarizabilities' of the
anion vary by approximately 360% (2.96 A' for Cl,
0.644 A' for F ), whereas the electronic polariza-
bility of the Sr'+ ion is essentially the same in the
two lattices.

A comparison between SrF, and SrCl, is fortu-
itous on a number of other grounds. The crystal
structure is the same. The ratio of the anion ra-
dius to the cation-anion nearest-neighbor distance
is similar; specifically, 0.4'71 and 0.518,' respec-
tively. Finally, the probe ion Sm'+, with which the
electron-lattice coupling is determined experimen-
tally, substitutes in each case for a Sr'+ ion with-
out significantly disturbing the host lattice. 4" In
the paper immediately following this one a related
quantity, namely the degree of static charge over-
lap, inherent in the formation of these crystals, is
treated by Jennison and Kunz' in terms of a local-
ized orbital formalism. Related in turn to this
calculation is the concept of ionicity. It is not im-
mediately clear how the ionicity concept relates to
the dynamical charge overlap, although it is clear
that both quantities depend on the ability of the ions
of the lattice to share, or transfer electronic
charge, and the ability of the electronic distribu-
tion to distort as the interionic distance changes.
It is accordingly, further instructive to determine

if the static and dynamical electronic charge over-
lap show similar trends in a comparison between
these lattices.

II. GENERAL EXPERIMENTAL AND THEORETICAL
APPROACH

The experimental basis has been outlined in de-
tail in Ref. 1. Only the most basic elements of the
experimental background are reviewed here. The
strength of the electron-phonon interaction is de-
termined from two experimental sources. One is
the vibronic sideband accompanying the electronic
transition of Sm'+ from its ground state 4f'(A~)
to the lowest-lying state of the 4f'6d excited con-
figuration. The last named state is a very com-
plicated one. However, since the transition is
electric dipole allowed, it must terminate on the
T,„co mp noent of the excited state. (For further
details of this state see Ref. 1.) A second experi-
mental method is to measure the change in energy
of the pure electronic transition as a function of
uniaxial stress applied along a set of crystal di-
rections. As has been shown by Kaplyanskii and
Przhevuskii the results lead directly to the de-
termination of the coupling coefficients for lattice
displacements transforming according to various
group representations.

The general theoretical basis for the observation
of vibronic sidebands and its reduction to the pres-
ent case appears in Ref. 1 and in the references
cited therein. The formalism leads to the follow-
ing expression for the amplitude of the vibronic
sidebands in terms of the imaginary part of the
polarizability tensor n of the probe-ion-lattice
system:

xp„„,(~, I )F & „,&(I ),
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in which w refers to the vibrational frequency,
p„„(&u,I') is the density of vibrational states pro-
jected on to the nth symmetry vector belonging to
the irreducible representation r, and F ~,~(r)
are components of certain coupling fields which
are specified by the nature of the electronic states
of the probe ion and by the electron-lattice cou-
pling mechanism. For the particular electronic
transition investigated here, E(r}may be written

in which r, is the ith component of the electric
dipole operator, r the electron coordinate, and

V„&(r, I'} is the symmetrized coupbng field opera-
tor obtained from the coefficient of the first-order
term of a Coulombic electron-lattice coupling po-
tential expanded in terms of the displacement of
the lattice ions from their equilibrium positions.
It can readily be shown in terms of Eg. (2) and
group-theoretic arguments that only lattice dis-
placements transforming as A~, E„or 2 M can
couple to the electronic transition described
above.

Ideally, the coupling potential and the lattice
displacements are obtained from microscopic
models which contain realistic wave functions for
the electronic distributions and which treat quan-
tum-mechanical effects resulting from charge
overlap between neighboring ions. Two approaches
to such models have recently been proposed by
KMner' and by Wakabayaski and Sinha. How-
ever, the calculations required by these methods
are not currently readily reducible to the present
case. The problem is, accordingly, treated in
terms of a classical modified shell model de-
scribed in Refs. 1 and 4. In this model charge-
overlap effects on the lattice dynamics of the
crystal are included through a change in the ef-
fective ionic polarizability through a reduction,
from the experimental value, of the high-frequency
dielectric constant. The magnitude of the change
is determined using experimental data presented
in Refs. 4 and 6. On the other hand, the effects
of charge overlap on the interaction of the lattice
with the electrons of the probe ion is treated more
explicitly in terms of a further modification. This
involves the replacement of the nonoverlapping
electron shells of the standard shell models, with
classical, extended-charge distributions which

may overlap the charge distributions of neighbor-
ing ions. The actual charge distribution chosen is
written

p(r' —R) = (I/8w)(Zyky) exp(-XR [
r' —R [), (3)

in which a spherically symmetric charge density

p at the ion located in the lattice by the position
vector R varies exponentially with the distance r'
from that position with an exponential decay fac-
tor A.z. ZR is the total shell charge of the ion
(Z s,

= +10 ) e [ and Z~ = Zc, = -8 ( e ) as in Refs. 1, 4,
and 5). The charge distribution has a long-range
behavior similar to that of a Slater ion, and re-
sembles the electron density for the fluorine ion
as obtained experimentally in CaF, from x-ray
measurements. " No other justifications are of-
fered for this form of the distribution except that
it is physically reasonable and mathematically
tractable. The electrons not included in the shell
charge are assumed not to overlap; i.e., A. =~,
and together with the charge of the nucleus consti-
tute a point core charge placed at the center of the
nucleus. In the calculations of the coupling
strengths V(r, I') and of the vibronic sideband the
exponential decay factor of the anion is the only
parameter to be determined. ' All other param-
eters are either fixed by theory or by independent
experimental data.

The relative coupling strengths of lattice dis-
placements of the three possible symmetries
(A,~, E~, T2~} can now be calculated, as can the re-
spective contributions to the vibronic sideband.
As discussed in some detail in Ref. 1, the depen-
dence of the coupling strength of a given displace-
ment on the exponential decay factor A,„differs, in
general, from that of displacements of other sym-
metries. The single disposable model parameter
A., therefore, controls not only the frequency de-
pendence of the contribution of displacement modes
of a given symmetry' to the vibronic sideband, but
also the relative contribution of modes of a given
symmetry to that of modes of another symmetry.

As noted above, the ratio of the coupling strength
of lattice displacements of two different sym-
metries can be determined independently from
measurements of the effect of static stress on the
localized electronic transition. The pertinent the-
ory required to extract the coupling strengths
under static strain U follows closely that for the
dynamical coupling strengths V as outlined briefly
above. A detailed analysis applicable to the pres-
ent case appears in Refs. 9 and 13. The two cou-
pling strengths U and V are related by a trans-
formation proposed by Ham'4; the applicability of
which to the present case is discussed in Ref. 1.

The only disposable model parameter is accord-
ingly chosen to agree with the results of the static
stress experiment. The coupling strengths so ob-
tained can then be used to calculate the vibronic
sidebands. This is what has been done in Ref. 1
for SrF, :Sm'+, SrF, :Eu", CaF, :Sm", and
CaF, :Eu". The agreement between experiment
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and calculation is very good. The same procedure
is used here for the case of SrCl, :Sm".

III. EXPERIMENTAL METHODS AND RESULTS

Standard high-resolution, low-temperature, op-
tical-absorption spectroscopy has been used to ob-
tain the vibronic sideband spectra. 4 The effects of
uniaxial stress on pure electronic transitions in
crystals held at liquid-helium temperatures can be
simultaneously measured. The results for
SrCl, :Sm'+ are reported here for the first time.
In these experiments the force applied onto a
fluorite crystal is measured with a Kistler model
901A quartz-crystal washer" which is placed im-
mediately below the crystal. Measurements are
carried out with applied stress along [100], [110],
and [111]crystallographic directions. The re-
sultant change in the absorption line can be deter-
mined using light either polarized parallel or per-
pendicular to the stress direction. Measurements
of any resultant change in the frequency of the ab-
sorption line are determined relative to two lines
of the neon spectrum superimposed onto the ab-
sorption data.

Absorption spectra have been taken for the tran-

sition in which the Sm" electronic system goes
from the 4f'(A, ~) ground state to the T,„comp o-

nent of the lowest-lying 4f '5d state. The observed
Stokes sideband contains multiphonon contribu-
tions. Only the one-phonon sideband is investi-
gated here. The experimentally obtained sideband
for SrCl, :Sm" is shown in Fig. 1(a). For com-
parison we also show in Fig. 2(a) the correspond-
ing sideband for SrF, :Sm" which has been previ-
ously reported in Ref. 1. In the latter case the
multiphonon coupling is stronger than in the
SrCl, :Sm" case and gives rise to a broad back-
ground absorption" sketched in by the dashed line.
In these figures only the vibronic sideband is
shown. The pure electronic absorption, the so-
called "zero-phonon" line, has been omitted. The
frequency scale refers to the lattice vibrational
frequency and is obtained by measuring from the
center of the zero-phonon line.

The results of the static stress measurements
are given in Fig. 3 in terms of the shift in energy
of the zero-phonon line as a function of applied
pressure. It can be seen from Fig. 3 that, in ad-
dition to a shift in energy, the line splits when
pressure is applied in the [100] and [110]direc-
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FIG. 1. Comparison be@veen the experimentally ob-
tained vibronic sideband in Sr C12. Sm + (a) with the cal-
culated sideband, (b) with extended charge distributions,
and (c) with nonoverlapping charges. The contribution
from A«and E~ modes are separately indicated.
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FIG. 2. Comparison between the experimentally ob-
tained vibronic sideband in SrF2. Sm2+ {a)with the cal-
culated sideband, (b) with extended charge distributions,
and (c) with nonoverlapping charges. The contribution
from A~ &~ E~ modes are separately indicated. This
graph has been previously published in Ref. 1.
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I'IG. 3. Relative displacement, and splitting, of the
zero-phonon line as a function ofuniaxial pressure ap-
plied in the (a) [100j, (b} [111), and (c) [110]crystallo-
graphic directions of SrC12 ..Sm2+.

TABLE I. Stress coefficients [cm /(kg/mm )].

U'(E, )

SrZ, :Sm" -0 55' 0.52~

SrC1&.Sm~+ -1.261+0.077 0.319+0.019

U'(T2~)

0 ct

0

s Data from Ref. 9.

tions. The solid lines are least-squares fits to
the data.

The static stress coefficients U' derived from
the experimental data for SrC1, :Sm" are given in
Table I together with those reported in Ref. 9 for
SrF, :Sm". The values cited for SrCl, :Sm'+ are
the mean of the results obtained from a series of
five experiments on a number of crystals. As dis-
cussed in more detail in Ref. 1, the observation
that T~ displacements do not couple is a reflec-
tion of the fact that the dominant contribution to
the stress dependence comes from the 5d electron
in the excited state. The pertinent electronic
state transforms as E, in cubal symmetry and the
corresponding matrix elements (4, ~

V(I') (4,) van-
ish for 1" equal to T„.

From the values of Table I and the Ham trans-
formation"" the ratio of the dynamical coupling
coefficients V(A„)/V(E, ) can be obtained. These
are 5.59 and 1.49 for SrC1, :Sm'+ and SrF, :Sm",
respectively.

W. COMPARISON BETWEEN EXPERIMENT AND

CALCULATION

The vibronic sideband, resulting from the cou-
pling of A~ and E, vibrational modes, is calcu-
lated through Eq. (1). (For details of the calcula-
tional methods see Ref. 1.) In the calculation the
only disposable parameter is A., i.e., the radial
extent of the anion charge distribution. This pa-
rameter is varied until the ratio of the integrated
sideband intensity of A~ modes to that of E,
modes corresponds to the squared ratio" of the
dynamical coupling strengths of these modes as
obtained from the static stress measurements
(see Sec. III). The sidebands calculated in this
way for SrCl, : Sm" are shown in Fig. 1(b). For
comparison the results reported in Ref. 1 for
SrF, :Sm'+ are repeated in Fig. 2(b). For further
comparison the results of calculations based on
nonoverlapping (point} charges, i.e., for X-~,
are shown in Figs. 1(c) and 2(c). In this case only
A„modes contribute significantly to the calculated
sideband.

The values for the exponential decay factors de-
termined in this way for SrCl, : Sm'+ are A. s, =3.03
A ' and A. c, =2.06 A '. The corresponding values
for R ~, defined as the inverse of A.

&
in units of the

equilibrium nearest-neighbor (cation-anion) dis-
tance, are Rs 0.112 and Rci I" p
son, the corresponding values for SrF, :Sm" as
stated in Ref. 1 are A, s =1.32 A ', ~„=1.13 A ',
Rs =0.30, andR& =0.36. The fraction of the
nearest-neighbor distance at which the extended
charge distribution falls to 1/e of its value at the
origin is seen to be smalle~ in SrC1, than in SrF, .
For the case of SrF, :Sm" the ratio of the cou-
pling strength is a strongly varying function of A,

(see Ref. 1}. Small changes in a, near the value
set by the results of the stress measurements,
produce marked disagreement between the calcu-
lated and experimental sideband. This is not the
case for SrCI, : Sm'+ as can be seen in the com-
parison of Figs. 1(b) and 1(c) for which X, goes
from 2.06 A ' to infinity. The values cited above
for X; and R,' for SrC1, are, accordingly, not as
well defined as the corresponding values for SrF, .
Nevertheless, the over-all good agreement be-
tween theory and experiment, demonstrated in
Figs. 1(a) and l(b), plus the very good agreement
previously obtained for four separate cases, ' sug-
gest that the calculated values for the model pa-
rameters X and R' for SrCI, are basically correct.
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It is seen from these results, plus those of Table
I, that 8, displacements couple relatively much
less than A~ displacements in SrC1, :Sm" com-
pared to the relative coupling in SrF, :Sm". As
shown in Ref. 1 this indicates, within the model
used here, that the degree of charge overlap is
less in SrC1, than in SrF, . As can readily be seen
from Figs. 1(c) and 2(c), in the limit of no overlap
only A~ modes are expected to couple.

A further interpretation of the effect of extended
charge distributions has been introduced in Ref. 5
in terms of a calculated effective ionic charge.
The effective charge of an ion is defined as that
contained in a spherical region centered on an ion
and having a radius equal to the distance of that ion
from the probe ion. For the values of g,' stated
above for SrCl, :Srn", the effective ionic charges
are -0.84, -1.0, +2.0 for the nearest-neighbor
chlorine ions, the next-nearest-neighbor chlorine
ions, and the nearest-neighbor strontium ions, re-
spectively. The corresponding values for SrF, :
Srn'+ are +2.6, -1.0, +2.28. The fact that in SrF, :
Sm'+ the model parameters are such that the ef-
fective charge of the nearest-neighbor F ions is
completely reversed in sign, implies that care
should be exercised in assigning too much physi-
cal significance to the charge extension param-
eter. Nevertheless, the marked difference be-
tween SrC1, :Sm" and SrF, :Sm" in the effective
charges of the nearest neighbors, together with
the other evidence presented above, does support
the qualitative conclusion that the degree of charge
overlap caused by lattice displacements is consid-
erably less in the case of SrC1, than in SrF, .

V. DISCUSSION AND CONCLUSION

The result clearly shows that the degree of dy-
namical charge overlap is smaller in SrCl, than in
SrF, . For comparison to the parameters cited
here, we have calculated, based on data from Refs.
4 and 6, the so-called dynamical effective charge"
Z ff and the Szigetti" charge Z* for these lattices .
These turn out to be (in units of the electron
charge) Z„,=1.68 and Z*=1.24 for SrF„and Z,«
=2.52 and Z*=1.61 for SrC1, . These parameters,
accordingly, also indicate that there is less dy-
narnical charge interchange in SrC1, compared to
SrF, .

Some insight into the origin of the present re-
sults is obtained from the detailed calculations of
the lattice dynamics and the electron-phonon inter-
action using the classical extended shell model.
Displacements, from equilibrium positions, of
ions with extended charge distributions toward

each other, involve the possibility of charge inter-
penetration or charge transfer. The amount of
such exchange is limited to the degree that the
electronic charge distribution of one or more of
the ionic species in the unit cell is polarizable.
The charge distribution in a highly polarizable ion
may deform within the ionic volume rather than
penetrate into the space of its neighbor. The oppo-
site phenomenon results if none of the ions is
highly polarizable. According to this picture it is
the high polarizability of the Cl ion as compared
to the F and Sr" ion which is responsible for the
lower charge overlap in SrC1, compared to SrF, .

A quite similar conclusion can be drawn from an
a priori calculation of the static distortions of the
charge distributions and of the charge transfer in
SrC1, and SrF, presented by Jennison and Kunz in
the paper immediately following. These calcula-
tions show that the amount of charge in the overlap
region is less in SrC1, than in SrF„and imply that
the degree of electronic charge distortion is great-
er for the Cl than for the F ion. This trend is
analogous to the trend in dynamical charge overlap
reported here, but is contrary to that expected on
the basis of the Pauling' and Phillips ~ ' ionicity
scales.

What implication the present experimental re-
sults and their analysis have on the ionicity scales
is not immediately apparent. The Pauling and
Phillips scales are based on parameters which
are, at least indirectly, also influenced by the
electronic polarizabilities of the ions in the lattice.
We offer only a speculation for the apparent dis-
crepancy. The chemical bond basis for ionicity
used by Pauling, and the effective band-gap basis
used by Phillips, appear to be more of a measure
of one-electron excitations as compared to the dis-
tortion of the electronic charge distributions as
viewed by the extended charge shell model or by
the localized orbital method, both of which to
varying degrees treat multielectron excitations.
Since distortions of the electronic distributions
appear to play a major role in the effects ob-
served here, it is possible that the latter two ana-
lytical methods yield a more consistent picture of
the phenomena involved than does the ionicity con-
cept.
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