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Measurements have been made of the impurity-induced Raman scattering spectra due to Eu®*
impurities substituting for the cations in SrF, and BaF, single crystals. It is found that the data cannot
be fitted to a nearest-neighbor coupling model as has been used previously to fit similar data in some
alkali-halide hosts. An electron-phonon coupling model is presented in which purely Coulombic coupling
is assumed so that the range of the coupling may be extended beyond the nearest neighbors without
introducing new adjustable parameters. As a point-charge model is found insufficient to account for the
relative intensities in the regions of acoustic- and optic-phonon scattering, extended charge distributions
are assumed for the ionic shells. This treatment gives a qualitative fit to the gross intensity distribution
of the observed spectra. However, the approximations used in the model result in some discrepancies
between the calculated and observed spectra. It is concluded that the nearest-neighbor coupling model
will give an adequate fit to the impurity-induced spectra only in hosts in which all ions in the unit cell
vibrate with approximately equal amplitudes in the optic-phonon region.

I. INTRODUCTION

The presence of isolated impurities in a crystal
lattice breaks the lattice translational symmetry
and therefore also breaks the K-vector selection
rule for Raman-scattering processes. Numerous
experimental and theoretical investigations of such
impurity-induced scattering processes'? have
been made both for systems in which the impurity
strongly perturbs the vibrations of the host lattice,
as well as for substitutional impurities which do
not affect the host-lattice eigenfrequencies and
eigenvectors. In the latter case, the impurity
merely acts as a local optical-polarizability per-
turbation, and the impurity-induced phonon spectra
are related to the density of vibrational states of
the host lattice. However, the details of this rela-
tionship are a function of the character of the elec-
tronic states of the impurity complex and the per-
turbations of these states by lattice phonons. For
example, the ground state and intermediate elec-
tronic states which determine the local polariz-
ability of the complex may range from very local-
ized states (47" levels of rare-earth ions, for ex-

ample) to energy bands of the host perturbed by the
impurity. In the former case, the electron-pho-
non coupling may have a relatively short range,

and a first-order treatment of the impurity-induced
scattering in simple crystal lattices is a nearest-
neighbor coupling model.! In this model the fre-
quency dependence of the scattered intensity repro-
duces the projected density of phonon states on the
nearest-neighbor ions. On the other hand, it is
likely that a far more complex model will be re-
quired to treat the case of more extended impurity-
electron states, and the scattered intensity will be
less directly related to the phonon density of states,
although the positions of sharp peaks in the density
of states may still be obtained from such experi-
ments.

A recent experimental® and theoretical? test of
the nearest-neighbor coupling model for the T1*
impurity in several alkali-halide lattices led to
generally good agreement between the model and
the data, except for those crystals in which the
cation and anion masses differ appreciably. For
KBr.: T1* and KI: TI*, for example, the observed
intensity in the optical-mode region, although much
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weaker in absolute intensity than that in the acoustic

region, was nevertheless much more intense rela-
tive to the acoustic scattering than was predicted
from the nearest-neighbor coupling model. These
discrepancies would indicate that coupling to the
second-nearest-neighbor K* ions, which have a
larger vibrational amplitude in the optic-mode re-
gion than the heavier Br or I ions, cannot be ig-
nored.

The fluorite lattices CaF,, SrF, and BaF,, con-
taining divalent rare-earth impurities provide an
opportunity to further test the applicability of im-
purity-induced Raman scattering to probe the host-
lattice phonon spectrum. The lattice dynamics of
these crystals has been calculated from shell-
model theories which have been tested recently by
studies of phonon sidebands of the 4f" -~ 4f" elec-
tronic transitions of rare-earth impurities.® The
Eu® ion is a particularly good impurity for Raman-
scattering experiments in SrF, and BaF,, because
of its similarity in size and electronic configura-
tion to the Sr?* and Ba® ions. These properties
are summarized in Table I, which lists the lattice
constants and cation electronic configurations of
CaF,, SrF, BaF, and EuF,. The Eu® ion has
strong electronic transitions from its 477 (®S,,,)
ground state to the many states of the 47%54 con-
figuration. These transitions begin above about
24500 cm™ and extend into the ultraviolet region.
They are thus displaced far enough from the
20500 cm™! (4880 A) argon-laser line for an off-
resonance scattering treatment to be a good ap=~
proximation. The transitions are electric dipole
allowed and might accordingly be expected to be
the major contribution to the local polarizability
perturbation,

A major disadvantage to the fluorite lattices is
the intense scattering from the Raman-allowed

T,, vibration as well as some two-phonon scattering

at higher frequencies. The latter may, however,
be subtracted out by making use of data on pure
samples. Both these scattering processes inter-
fere with observations of the impurity-induced
scattering. However, since the masses of the ca-
tions and anions in these hosts are so dissimilar,
it is to be expected that the most significant de-
partures from the predictions of the nearest-neigh-
bor coupling model will be reflected in the rela-
tive intensities of the scattering in the acoustic
and optic regions of the vibrational spectrum,
Adequate data have been obtained to investigate
this feature of the observed spectra, despite the
obscuration of one prominent impurity scattering
peak by the T,, mode scattering.

Since it is immediately apparent from the data
displayed in Sec. II that the nearest-neighbor
coupling model is insufficient to fit the observed
spectra, a theory is presented in Sec. II in:which
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TABLE I. Cation electronic configurations and lattice
constants of fluorite crystals.

Crystal Configuration Lattice constant (&)
CaF, [Ar] 5.44
SIF, [Ar] 340 452 4p8 5.78
BaF, [Ar] 340 4s® 4p® 44!° 552 5p° 6.18
EuF, [Ar] 340 452 4p¢ 44'® 477 5% 5p° 5.84

the coupling between the impurity electron and the
host lattice phonons is due to a strictly Coulombic
interaction. I a point-charge model is used, this
assumption allows the inclusion of coupling to all
the ions of the host without the introduction of ad-
ditional parameters. The effects of polarization,
which were not included in the work on alkali
halides, ! are also easily included in this treatment.
It has also been found in the course of this work
that a point-charge crystal-field coupling model

is inadequate to fit the experimental results. By
introducing an extended-charge distribution for the
neighboring ions, which has a range reasonably
consistent with the ionic radii, the resulting over-
lap between this charge distribution for the im-
purity electron leads to sizeable corrections which
give a qualitative fit to the data. In Sec. IV, a
comparison of the theoretical and experimental re-
sults is given, together with a discussion of the
merits and possible difficulties of the theoretical
approach.

II. EXPERIMENT

Single-crystal samples of CaF,, SrF, and BaF,,
either pure or doped with up to 0.5 mole% of Eu?,
were obtained from Optovac Inc. The samples
were x-ray oriented and mechanically polished so
that four surfaces of the finished samples were
(100) faces of the cubic fluorite structure, and the
remaining surface was a (110) face. Appropriate
polarization geometries were chosen so that the
Ay, E,and T, phonon representations of the O,
point group of these crystals could be examined.
These geometries are summarized below, * where
k, and k, are the incident- and scattered-light wave
vectors, g; and ¢, are the incident- and scattered-
light polarizations:

k, I(o01), 2,[1¢100)

I(Ay,) +41(E,) {Esn (010, 2, (100 ’

k, Il €001), &1l (110)
I(E,) {Esl'l (110}, 2, (1T0)

{E,n (001), 2, Il (100)
* &, 11 100y, 2, 1l ©10)
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Most of the experiments were performed at
4.2 °K, although some data were obtained at
77 °K and were essentially identical to the 4.2 °K
results. However, the usual corrections for ther-
mal occupation of the phonon states were required
at 77 °K for the low-frequency part of the impurity-
induced scattering. All unused sample surfaces
were coated black with a marker pen to avoid un-
wanted reflections of the incident laser light. Use-
able data were obtainable only with the 4880-A
line of the argon laser because intense fluorescence
from trivalent rare-earth impurities, present in
trace concentrations, was observed with most other
major argon or krypton lines. However, with
4880-A excitation and a power of 1 W only one or
two sharp and weak fluorescence lines were observed
in the region of two-phonon scattering in a few
samples. These were easily identified because
of their lack of polarization dependence. The scat-
tered light was dispersed by a Spex model-1400
double monochromator and was detected with
photon-counting techniques. A conventional multi-
channel analyzer operating in the multiscaling
mode was used to average several monochromator
sweeps, and the data were punched on paper tape
for computer processing.

The spectra are shown in Figs. 1 and 2 for BaF,
and SrF,, respectively. At low frequencies we
observe mainly impurity-induced scattering at
T=4.2°K, while above the T,, Raman mode both
impurity-induced scattering and a more intense
two-phonon scattering are observed. The large
signal from the T,, mode in the E, and E, + A;,
traces results from the large solid angle inherent
in the f/1. 5 optical-detection system used to col-
lect the scattered light. A reduced optical aper-
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FIG. 1. Raman spectra of BaF,: Eu®.
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FIG. 2. Raman spectra of SrF,: Eu®,

ture was used for several traces, but the conse-
quent decrease in the T, intensity relative to the
impurity-induced spectra was of little utility in
this case, since a prominent impurity-induced
peak, which is predicted to lie under the T, scat-
tering, still could not be extracted easily from the
data. There is, however, an observable peak on
the high-frequency side of the T,, mode which cor-
responds well in frequency, and roughly in relative
intensity, with this predicted peak. We do not
present the data obtained in CaF, since the im-
purity-induced scattering was judged too weak to
allow a meaningful comparison with the calculated
spectra. Possible reasons for this relatively
weak scattering in CaF, are discussed in Sec. IV.
The two-phonon scattering can be eliminated
from Figs. 1 and 2 by subtracting from these traces
the scattering observed in pure crystals using
identical polarization geometries and other experi-
mental conditions. Each datum point of the pure-
crystal spectrum is multiplied by a single scaling
constant, chosen to minimize the intensity of a
prominent two-phonon peak. These corrections
are easily facilitated once the data are recorded
digitally on tape. This procedure is quite success-
ful in removing nearly all traces of the twophonon
scattering, although it has very little beneficial ef-
fect on the T,, mode, since its width increases
somewhat in the doped samples. Because of this
broadening, the corrected data points near the cen-
ter of the T,, mode become negative, and we have
removed this feature in the corrected traces shown
in Figs. 3 and 4. The correction process neces-
sarily increases the noise level in the resulting
traces, particularly in the optic-mode region above
the T,, peak. This is evident from the somewhat
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FIG. 3. Impurity-induced Raman spectra of BaF,: Eu?,
Suitably scaled spectra from a pure sample of BaF, have
been subtracted from these traces to eliminate the two-
phonon spectra.

inconsistent shapes in E, and E, + A, scattering of
the impurity-induced peak at 300-350 cm™ in BaF,.
Also, the peak at 315 cm™ in the T,, spectrum of
BaF, coincides with a two-phonon peak of the pure
crystal, and could not be completely suppressed
by the subtraction process. For neither BaF, nor
SrF, could evidence of the one expected prominent
A, , scattering peak be observed in the E, + A, ,
data, However, this peak would be at essentially
the same position and would have nearly the same
width as the peak in E, scattering in the region of
320 cm™! for BaF,. It can only be concluded that
the 4,, symmetry scattering intensity is less than
50% of that for E, symmetry.

The most interesting qualitative feature of the
corrected data in Figs. 3 and 4 is the approximate
equality of the intensities in the acoustic and optic
regions. The delineation of these two regions on
the traces is roughly at the position of the allowed
T,, Raman mode. Despite some uncertainty in the
exact shape of the scattering in the optic-mode re-
gion due to the subtraction of the two-phonon peaks,
the relative intensities displayed in Figs. 3 and 4
appear to be quite reproducible. Because of the
large ratio of the masses of the Ba and Sr ions to
that of the F ions, which are nearest neighbors to
the Eu® impurities, the F ions would be expected
to have a considerably larger vibrational amplitude
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in the optic modes than in the acoustic modes. It
is quite apparent, then, that the data show an
enormous deviation from the expectations of the
nearest-neighbor coupling model, and the primary
challenge to any alternative to this model will be
to account for this deviation.

II. THEORY
A. General Approach

We make use in these calculations of the perturba-
tion-theoretic approach of Loudon.® However, for
impurity-induced scattering, the initial, inter-
mediate, and final electronic states involved in the
virtual electronic transitions leading to the scat-
tering process are localized states, as opposed to
the band states considered by Loudon. This elimi-
nates the k-vector conservation requirement, The
separation of the allowed and impurity-induced
scattering is accomplished by assuming that the
outer electronic shell (5s%5p°) of the Eu®* ion is
identical to that of the host cation (4s?4p® for Sr?*
and 5s® 5p° for Ba®) so that there are no substan-
tial changes in the valence- or conduction-band
electronic structure. In that case, the perturba-
tion-induced scattering is produced by the modula-
tion of the polarizability of the inner 47" configura-
tion by the phonons.

The lattice force constants, which are determined
mainly by the structure of the outer electronic
shell, are assumed to remain unchanged at the
Eu® site. Furthermore, the inversion symmetry
at this site limits the perturbation-induced scat-
tering to vibrational modes with even parity, for
which the motion of the impurity is not involved in
the electron-phonon coupling. Therefore no cor-
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FIG. 4. Impurity-induced Raman spectra of SrF,: Eu®.
Suitably scaled spectra from a pure sample of SrF, have
been subtracted from these traces to eliminate the two-
phonon spectra.
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rections are required for the mass difference of
the Eu®* compared with Sr? or Ba*. These con-
siderations allow the use of the eigenfrequencies
and eigenvectors of the perfect lattice in the elec-
tron-phonon coupling problem. This procedure is
justified both by the agreement of the data and cal-
culations with regard to the positions of the peaks
in the impurity-induced spectra and by previous
studies of vibrational sidebands on the 4f—-4f elec-
tronic absorption spectra of Sm* and Eu®* in the
alkaline-earth halides.?

With these assumptions, the following expression
is obtained for the intensity of the impurity-induced
Raman scattering at 7'=0:

Hw)de=c2 | 2 2 Riq, (l,K,i)\)eie{'z
x| LK i 4,k

i J [ IK]
R =) —_wmﬁ—‘j_
F T ae \lwg +0(@, V) —willwz+ wl(g, V)

J
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X6(wy—w(@, A) ~w)d2 , (1)

where C is a coefficient involving the incident and
scattered frequencies, the incident intensity, the
impurity concentration, and other constants; the
first sum is over the A phonon branch with wave
vector §; the second sum is over all ions K (K=1
for the cation, K=2, 3 for the anions) in the unit
cell [, except the impurity ion itself. R ,‘f is the
Raman tensor for a single impurity; 7,0, K, 4, 1)
is the 2 component of the eigenvector of ion I, K;
el and ¢} denote the 7 and j polarization components
of the incident and scattered light waves with fre-
quencies w; and «,, respectively; dQ is the solid
angle. The Raman tensor is given by

7 i [,yllf]
"Tws+ @@, N+ willwz+ g, V)

AN ol e
wg + (@, V) ~wy] We=wy)  lwp+w@, N +wsl (we+ws)

. [vgs]s pla b
[ws + (@, V] (we = wy)

where pf, is the matrix element of the i component
of the impurity-~-electron momentum

phs=0|p' B ,

and (0| is the initial and (@/| is the intermediate
electronic state of the impurity having energies
7w, and Kwg, respectively. [yY%], is defined as the
k component of

Yib=(aluR[8) ,

where ul) is the electron-phonon coupling field,
which is the first-order term of the electron-pho-
non coupling potential expansion with respect to the
displacement of the ion at ﬁ,",{ from its equilibrium
position.

The energies of the 47554 states extend from
about 24 500 to about 40000 cm™, ® whereas the fre-
quency of the incident light is 20500 cm™, It fol-
lows that the second, fourth, and sixth terms in
Eq. (2) are small in comparison with the others,
The third term is the largest of those remaining,
although the first and fifth are not negligible. Be-
cause little is known of the detailed nature of the
set of states (@| and (8| and, therefore, of y/% as.
a function of w, and w; , the dependence of RY on
w(g, ») must be neglected. It is apparent from the

['}’QtQK]k%aig Pho
* wg +w(g, A) (wa+wz)> @

energy denominator of the third term in Eq. (2)
that this approximation will lead to a slight de-
crease in the calculated intensity in the region of
low phonon frequencies relative to the intensity at
higher frequencies. Although such a deviation is
observed between the calculated and measured
spectra, it is much larger than the highest possible
decrease of a few percent owing to the neglect of

w(d, A)-
B. Electron-Phonon Coupling Field

It is shown in this section that symmetry consid-
erations, and the approximation that the 47" and
47®54 electrons are well localized at the Eu®* site
compared with the nearest-neighbor distance, al-
lows the factorization of the matrix elements ;;’g
of the electron-phonon coupling field so that the
calculation of the field can be separated from the
integration over the impurity -electron coordinates.

The electron-phonon coupling potential u(i",ﬁ 1K)
where T is the electron coordinate measured rela-
tive to the Eu® core, can be expanded in the dis-
placements AR;, of the ions from their equilibrium
positions ﬁﬂ{:

- - - - —
u(r, Ryg)=u'"(r, Rz%r)*’Z)K“(:l}} - AR+ O(ARY) ,
1,

@)



in which it is understood that 1 u® is a function of
and the equilibrium position RY%. The second-and
higher-order terms in AR,y are neglected in the
one-phonon scattering process. u(;', ﬁ, x) trans-
forms as the unit representation of the O, pomt
group symmetry at the Eu®* site. Therefore u'y
transforms according to the same representation
as aR. The symmetry operators transform the
electronic space as well as the lattice space. For
the use of matrix-element selection rules, only the
transformation properties of u“) with regard to the
electronic coordinate are 1mp0rtant u{}g may be
expanded in a power series in the R, x in which RO
and each power of R, Ktransforms according to tne
unit representation. Hence u“’ transforms in the
electronic space, as does AR, ¥ in the lattice space.

The standard method of introducing symmetry
features into the electric-phonon coupling field is
by the decomposition of Zﬁ, ¢ into irreducible rep-
resentations. The above considerations reveal
that the same goal is achieved by decomposing u“’
into irreducible representations with regard to
electronic space. A simple way to do this is to
first expand u“’ into spherical harmonics as

U= La”‘Y (0, 0) “)
where
”((r Ru() f u(l) (, RZK)Yn)‘;n(B, ®)aq , (5)

6 and ¢ are the angular coordinates of the electron,
and 7= ;l.

The spherical harmonics are then used to con-
struct the v component of the s irreducible repre-
sentation, I, of the point group of the impurity:

5,7 (6, 9) =220 Yum(6, @), (6)

where o are easily deduced, or are given by
Ballhausen. ”
The a'X may be expanded about »=0 as

- (ﬁﬁé(alr%fﬂe, o) 8)

a,B,n (wB"' w1>w2

where

R% = Lc‘f”fe”'ﬁr‘}f (11)

€,(q,\) is the mass-reduced polarization vector for
ion K, which is related to the eigenvector by the
well-known relation

?ztx(q’,x)=gx(6,h)e‘a'ﬁ’9‘ . (12)

In Eq. (10) the calculation of the matrix elements
is now totally separated from the electron-phonon

+5 other terms)
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":lﬁ_ c(gf,,’K+c(1)’K1f+c(z"K 2, 0(r3) , (7)

and the introduction of the point-group symmetry
representation leads to

Sl - Do S ®

If the electronic wave functions are well localized
at the Eu®* compared with the nearest-neighbor dis-
tance R;, only the lowest-order terms in 7 are
1mportant for the calculation of the matrix elements
yaB. For example, if «(F, R;;) is a Coulomb poten-
tial, the successive terms decrease by a factor of
v/ Ry,. When the expans1on is terminated beyond the
quadratic terms in #, all at% (», R°) are zero for
n> 2 and the electron-phonon coupling field is com-
posed of monopolar, dipolar, and quadrupolar
fields.

The monopolar field transforms as A;, and con-
tains a constant term and one quadratic in . The
constant term shifts the energies of all levels
equally and can be neglected. In a point-charge
crystal-field model for the electron-phonon cou-
pling, only this constant coefficient would be nonzero
for the monopole field. However, this is not true
for the extended-charge model discussed below.
The quadrupolar field is quadratic in 7 and, since
Y2.(6, ¢) can be decomposed into one E, and one
Ty, representation, the E, and T, symmetry pho-
non spectra result from this term. Since each
representation occurs only once in this order of ap-
proximation, the index s is omitted from the fol-
lowing discussion.

Combining Egs. (2), (4), (5), (6), (7), (8), the sepa-
ration of the scattering with respect to the point-
group symmetry is given by

Ir(ws)= C‘E RY €1ez| @)

i9dsY

where

vaf L. .
(;(_%—X_)) (2}; K - e, )\)) 8(w - w(@, N) + wy), (10)

[

coupling field which is given by ¢@}¥ if only the
monopolar and quadrupolar fields are involved.

The relative intensities I(4,,), I(E,), and I(Ty,) can-
not be obtained without calculating these matrix ele-
ments. However, for the dependence of each of
these intensities on the phonon frequency, the first
sum in Eq. (10) is simply a multiplying factor for
each representation, and the frequency distribution
of each I (w) can be calculated, in principle, with
no adjustable parameters if the electron-phonon

coupling model allows the calculation of ¢ 2} from
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2= 0 -
+chf Og)edFix Zgs]* €xlg, 1)
- 2E0 =
+ CH () !V FIEPy (g, 2)} . (16)

The first term of the summation in Eq. (16) is the
coupling to the rigid ion, and the second term is the
coupling to the polarization. If the shells are as-
sumed to contain eight electrons, two parameters
N and X,, are required to describe the total elec-
tron-phonon interaction,

IV. DISCUSSION
A. Comparison of Calculated and Observed Spectra

The lattice vibration eigenfrequencies and eigen-
vectors were calculated from a modified shell mod-
el with parameters derived from elastic constant
data, dielectric constant data, and the allowed Ra-
man frequencies, ® all obtained at 77°K or below.

A general picture of the results obtained for the
calculated impurity -induced Raman scattering in-
tensity is given in Fig. 5. Figure 5(a) shows the
E, spectra of BaF, calculated from a point-charge
model for the electron-phonon coupling (A;= A=),
and in Fig. 5(b) is the calculation for an extended
charge model where v, =A7. The values of 7, are
in units of the F-F spacing along a cube axis, which
is one-half the lattice constant. The dotted lines in
the figure are calculated with equal core and shell
displacements, that is P,(g,1)=0in Eq. (16). This
neglect of the ionic polarization in the electron-lat-

—

(b)

INTENSITY~ ARBITRARY UNITS

100 200 300
FREQUENCY (cm -')

FIG. 6. Comparison of the calculated E, symmetry
impurity-induced scattering intensity of BaF,: Eu®* for
(a) a point-charge model and (b) and extended-charge
model with 7 =0.20 and 7»,=0,15 (for explanation, see
text).
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tice coupling is an approximation used by Harley

et al. ! in the nearest-neighbor rigid-ion coupling
model. The solid lines include the effects of the po-
larization in the electron-lattice coupling. From
these curves it is clear that the extended-charge
model leads to both a large change in the relative
intensities in the acoustic and optic regions as well
as a reversal of the contribution of ionic polariza-
tion to the intensities in these regions. The former
effect can be explained by the larger overlap of the
nearest-neighbor F ions at the Eu?* core compared
with the next-nearest Ba%* ions. This reduces the
coupling to the large F vibrational amplitude in the
optic modes, whereas the acoustic coupling is notso
strongly affected since the Ba%* and F vibrate with
roughly equal amplitudes in the acoustic modes.
The large effect of this overlap is due to the fact
that the full shell charge of —8lel is distributed as
in Eq. (14), whereas the formal F charge is - lel
in the point-charge calculation in Fig. 5(a). The
effects of the distribution can be understood by con-
sidering the effective charge contained in a spheri-
cal region centered about a neighboring ion and
having a radius equal to the distance of that ion from
the Eu® impurity. For large enough 7, this effec-
tive shell charge of the nearest-neighbor F ions is
reduced such that the positive core charge domi-
nates the coupling. A simple argument shows that
this reversal of the sign of the effective charge of
an ion will also lead to a reversal of the contribu-
tion of the polarization of that ion to the scattered
intensity as is obtained in Fig. 5(b). The reversal
of the sign of the effective charge of the nearest
neighbors also leads to values of 7, for the F ions
such that the calculated intensities of the optic-
mode peaks, at 325 cm™ in BaF, or 350 cm™ in
SrF,, pass through zero. It is, therefore, possi-
ble to fit the relative intensities of the acoustic-
and optic-mode peaks with fwo values of X, slightly
less than or slightly greater than the values of #,
which produce a zero intensity in the optic-mode
peaks. We find that the larger of these two values
of 7, gives a slightly better over-all fit to the spec-
tra for both SrF, and BaF,.

The calculations are compared with the measured
spectra for BaF; and SrF, in Figs. 6-9., Since the
intensity scales in the calculated spectra are arbi-
trary, only relative intensities of the various fea-
tures are significant, and the solid curves, which
include the effects of polarization, are to be com-
pared with the data. The values of 7;,=0.20 and 7,
=0. 15 used in the calculations give the best fit to
the relative intensities in the acoustic and optic re-
gions and correspond, respectively, to approxi-
mately one-half of the ionic radii of the cations and
the fluorine ion.

It is clear that the point-charge model for the E,
spectra in Fig, 5(a) would give a very poor fit to the
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first principles. The assumption of a point-charge
Coulombic coupling discussed below enables this to
be done even when the shell and core eigenvectors
of all the ions in the crystal are coupled to the im-
purity. If such a simple interaction is not chosen,
a separate coupling parameter would be required in
Eq. (1) for every representation of each set of ions
at equivalent R,,. The disadvantage of the latter
approach is that the extension of the coupling be-
yond the nearest neighbors leads to a great number
of unknown parameters and to an elaborate calcula-
tion of symmetry vectors and their projection onto
the eigenvectors. For example, the 12 next-near-
est-neighbor M?* ions in MF, have two representa-
tions each of E, and T, symmetry and one of A,,
symmetry. Thus, as many as nine parameters
would be required to treat just the nearest- and
next-nearest-neighbor core coordinates, and a sep-
arate coupling to the shells would double this. The
disadvantages to the approach used here are sum-
marized in Sec. IV,

C. Coupling Model

The ideal lattice dynamics of the alkaline-earth
halides is calculated on the basis of a modified

J
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shell model. The modification involves a change in
the effective ionic polarizability as discussed in
Ref. 3 (see Sec. VA 1). The classical shell models
assume a point-charge core and a rigid shell which
are coupled to each other by means of a harmonic
spring. The core-shell interaction between differ-
ent ions is assumed to be purely Coulombic. The
shell-shell interaction includes both a classical
Coulomb interaction and a parametrized interaction
due to overlapping effects; nevertheless, the shells
themselves are assumed to be nonoverlapping.
Basically, the same assumptions are made in the
quantum-mechanically derived shell models; yet,
the overlapping effects are described by pseudopo-
tentials. Altogether, the pseudopotential contains
the interaction obtained from classical Coulombic
overlap, exchange and effects due to orthogonaliza-
tion. These interactions are important for the out-
er electrons of the Eu? impurity. However, for the
inner electrons, exchange and orthogonalization ef-
fects may be negligible, and only the classical Coulom-
bic interaction will be considered in this discussion.

The coefficient of Y,,(8, ¢) in the spherical har-
monic expansion of the Coulomb potential about the
Eu? site is the well-known expression

4 * ’ " -(n+ g B . '
UnelT, Ry) = Zzn"fl(r"" "/ r"p(’ =R ) V%(0", @) +7 f, 'y "p(r'—Rm)Yn’fn(G’,<p')d"r), (13)
0

where p(f" - R;x) is the charge distribution of the
ion /, K. I it is assumed that the charge distribu-
tions of the neighboring ions do not overlap the im-
purity electron, only the second term of Eq. (13)
is nonzero, giving the usual point-charge crystal-
field expansion about the impurity site. In the
course of this work, it was found that this approxi-
mation was insufficient to fit the observed spectra,
and a charge distribution of the form

P - Ryg)= (Zgs)}/B7) e ¥ Fa! (14)

was chosen for the shell charge distribution of ion
LK. Zyg=-8lel is the total shell charge. The
cores are assumed to be point charges with Z;.
=+10/ el for the M¥, and Z,o=Z3c=+Tle| for the
two F ions. Although this charge distribution has

a long-range behavior similar to that of a Slater
function, we offer no justification for it other than
the fact that it is a physically reasonable and a
mathematically simple means of allowing for the
spatial extent of the neighboring ions. Although
another two parameters giving the range of the
charge distributions, X; and \,=23, are introduced
into the theory, and calculated spectra are relatively
insensitive to A, (for the second-nearest-neighbor
cations), and both A, and X\, should be comparable
to the ionic radii of the M and F~ ions, respective-

[

ly.
The symmetrized coupling coefficients for this
charge distribution are found to be

COME(A,)= I15(4”)1/232;\,;/,,( [ygo(k’,K)e-»KRm] ,

E(,,Z)’K(l",'y)=% (4.”)1/2 29 {[q,r (ﬁm ] (15)
- - OgRix)
><R 3 [1 —e AXR,K§O Kv !ur ]} ,

where I’ in the second expression is either E, or
To, Vixisa gradient with respect to Rix, R, K

= R,x!, and " (R,,) are given by Eq. (6). The
coupling coefficients for the ion cores are obtained
in the limit 3, —~. These relations are for a unit
shell or core charge.

It is important to note that, according to the
shell model, the polarization of the ions results
from the shift of the shell relative to the core. The
core displacement is given by ZK( ,2) and the po-
larization by _ISK(q, A), which is uniquely determined
by €4(d, 2). Therefore the following relation is ev-
ident:

=2 {[e¥

K. €x(a, ) E (= ”)e'q R'KZKC
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FIG. 6. Comparison of (a) the E, scattering data for
BaF, : Eu®* and (b) the calculated scattering with »;=0,20
and 7,=0,15.

data, because of the relatively large intensity in
the peaks observed in the vicinity of 325 cm™! in
BaF, and 350 cm™ in SrF,. Also, the position of
the lowest-frequency peak in the acoustic region is
at about 90 cm-! for the point-charge model, com-
pared with its position at 65 cm™! in the BaF, data.
Although the calculation including extended shell
charges corrects these difficulties, it gives a poor
fit to the shape of the spectrum in the acoustic re-
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FIG. 7. Comparison of the Ty, scattering data for
BaF, : Eu?* (upper curve) and the calculated scattering
with 7, =0,20 and ,=0.15 (lower curve).
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FIG. 8. Comparison of the E, scattering data for
SrF, : Eu?* (upper curve) and the calculated scattering
with 7y =0.20 and 7, =0.15 (lower curve).

gion. In particular, the peak rising to a gradual
maximum at about 70 cm™ in BaF, continues to
much higher frequency in the calculated spectrum
than in the data. Of greater concern is the ampli-
fication by the extended charge model of a peak at
about 135 cm™ in BaF,, which is relatively weak
in both the data and in the point-charge calculation.
This peak clearly dominates in intensity in the re-
gion below 250 cm™ in the extended charge calcu-
lation of Fig. 6 for both the dotted and solid curves.
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FIG. 9. Comparison of the Ty, scattering data for
SrF,: Eu®* (upper curve) and the calculated scattering
with 74 =0.20 and 7y=0.15 (lower curve).
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It is not possible to fit the relative intensities of
the other peaks in the data by varying »; and 7,
without producing this effect.

The T, scattering data and calculations in Figs.
7 and 9 provide little opportunity for further com-
parison of the two models, since only one impurity -
induced peak is observed below the allowed Raman
mode.

B. Effects of Approximations

The three principal assumptions made in the
electron-phonon coupling model are (1) the coupling
is Coulombic with classical charge overlap; (2)
the electronic states (initial and intermediate) which
cause the change in local polarizability are well
localized near the impurity nucleus compared with
the nearest-neighbor distance, so that the coupling
can be calculated from the gradient of the potential
at the origin, »=0; and (3) only the monopolar and
quadrupolar terms in the potential expansion are
considered, because the higher-order terms fall
off rapidly for »<< |R,x| in Eq. (5).

In fact, none of these assumptions can be firmly
justified for the system under consideration here.
The use of a classical charge overlap by Kleiner®
led to a crystal-field splitting of the wrong sign for
chromium alum, and this difficulty can only be cor-
rected by a molecular-orbital approach, *° which
allows for exchange and orthogonalization of the im-
purity electron with the ligand shell electrons.
Furthermore, the intermediate states involve the
5d configuration, which is in the outer shell of the
Eu®* ion. These considerations would also appear
to invalidate approximation (3), at least for the part
of the coupling due to the nearest-neighbor shells,
which would have a large overlap with the 5d states.

However, a simple calculation of the effects of
the charge overlap suggests that the parameter »,
essentially leads to an effective coupling coefficient
for the nearest-neighbor F ion shells, while the
coupling to all other ions and shells remains nearly
the same as in the point-charge calculation. For
instance, for 7,=0.15, the effective shell charge of
the nearest F ions is — 7.3, whereas that of the
second-nearest F ions along [112] directions is es-
sentially the full — 8, With 7, =0. 20 the nearest
Ba? effective shell charge is reduced to — 7. 75.
Thus the solid curves for the rigid-ion coupling in
Fig. 5(b) are calculated for effective ionic charges
Z%E+Zyc of +0.3, —1.0, and +2. 25 for the nearest
F, next-nearest F, and nearest Ba ions, respec-
tively. It is clear that the overlap effects mainly
adjust the effective charges of the nearest-neighbor
shells. Variation of the parameter », can, there-
fore, be considered as giving a variable coupling
between the impurity electron and the nearest-
neighbor F shells.

The fact that the data are fitted with values of
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75 large enough to reverse the effective charge of
the F ions implies that little physical significance
can be attached to these values of 7;.© This conclu-
sion is also supported by the results of another re-
cent application™ of the coupling model presented
here. The application of uniaxial strain to the Eu®
ion in the fluorite lattices!® results in the splitting
of the lowest degenerate level of the 4f®54 configu-
ration by the E, symmetry strain component and a
shift of this level relative to the ground state by the
A, strain component. The magnitudes of the split-
ting and shift per unit strain are proportional, re-
spectively, to the magnitudes of the quadrupolar
and monopolar coupling coefficients in Eq. {15).
However, substantially larger values of 7, are re-
quired to fit these strain measurements than the
values of 7, which best fit the impurity -induced Ra-
man scattering. We may conclude from these re-
sults that the assumption of classical charge over-
lap does not give a very consistent description of
the electron-phonon coupling problem. This im-
plies that the inclusion of quantum-mechanical
overlap and exchange effects is required. The lat-
ter can perhaps be accomplished by using a Slater
exchange potential V,,~ p'/3, where p is the elec-
tronic charge density. This potential has a similar
effect on the electron-phonon coupling to that of in-
creasing the classical charge overlap.

The failure of the extended-charge model to give
a good fit to the Raman data in one portion of the
acoustic region may also result from the trunca-
tion of expansion (7) or from the neglect of terms
higher than quadrupolar in the potential-energy ex-
pansion. To include other terms adjustable param-
eters would be required to replace the first sum-
mation in Eq. (10). This is because the matrix
elements (a |7*®17(9, ¢)|B8) for all even p<» and
all electronic states a and g are unknown. How-
ever, it is likely that matrix-element selection
rules for the energy levels of the impurity will lim-
it the number of spherical harmonic terms re-
quired. For instance, the highest-order terms
which would lead to a coupling within the 5d and 4f
mainfolds are n=4 and » =6, respectively. Since
the 4f electrons have much weaker coupling to the
lattice than the 5d electrons, only n=4 terms are
likely to be important.

C. Weak Scattering in CaF,

The impurity -induced scattering from the Eu?*
ions was observed to decrease in intensity progres-
sively for the host series BaF,, SrF,, and CaF,.
The reason for this behavior is not immediately ob-
vious, since it is apparent from Table I that the
Eu® ion differs far more in size and electronic con-
figuration from Ca? than Sr®* or Ba®, Further-
more, there is no evidence that the properties of
the 47 %5d configuration change greatly from one
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host to another, since the absorption bands 4f "~ 41854
are at about the same energy and show similar
crystal-field splittings in all three hosts.® We
have made the further observation that the intensi-
ties of the impurity-induced spectra scale among
these crystals in rough proportion to the intensities
of the one- and two-phonon scattering in the pure
crystals. This evidence suggests that the f-d tran-
sitions may not be of primary importance in deter-
mining the change in the local polarizability deriva-
tives as has been assumed in this work, 4

V. CONCLUSIONS

The primary results of this work hasbeen the dem-
onstration of the inadequacy of the nearest-neigh-
bor coupling model for calculations of impurity-in-
duced phonon spectra even in highly ionic crystals,
such as the alkaline-earth fluorides. The apparent
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success of this model is some of the alkali-halide
lattices® is possibly due to the more similar anion
and cation masses in the host crystals studied in
Ref. 1. However, there remains the possibility
that the electronic states responsible for the impu-
rity scattering are perturbed band states in the flu-
orite systems discussed in this paper, whereas they
are more localized for T1* in the alkali halides.
This is unlikely, since the 6s 6p excited states of
the T1" ion, which are most likely the intermediate
electronic states responsible for the scattering in
the alkali halides, 2 are also not very well localized
compared with inter-ion distances. We, therefore,

" feel that the nearest-neighbor coupling model will

not give an accurate representation of the impurity -
induced scattering in any but the simplest lattices
in which all ions vibrate with roughly equal ampli-
tudes throughout the phonon spectrum.
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Y4Note added in proof: Recent Raman scattering measurements
in BaF, containing Ca?* impurities and CaF, containing Ba**
impurities show no observable impurity-induced scattering. This
suggests that neither perturbed electronic band states nor perturbed
phonon eigenvectors contribute measurably to the scattering ob-
served with Eu?* impurities in the work reported here. The
decreasing scattering efficiency of Eu?* in the series BaF,, StF,,
CaF, apparently results from the decrease in the electron-phonon
coupling for the 5d electron in these hosts. This effect is also
apparent in the increase in the absorption strength of the zero-
phonon lines of Eu?* in this series (see Ref. 13).
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The thermal conductivity of cerium magnesium nitrate has been measured over the temperature range
0.2-1.5°K. When an assumption is made that the surface of the crystal is damaged to a depth of 150
um by sandblasting, the conductivity measurements are entirely described by the Casimir theory of

boundary scattering of phonons.

I. INTRODUCTION

Cerium magnesium nitrate (CMN)is a Kramers
salt that has been extensively investigated largely
because of its application in low-temperature re-

frigeration and thermometry. Some years ago it
was found that at very low temperatures the thermal
relaxation between CMN and He® was several or-
ders of magnitude faster than expected either
theoretically or empirically if judged by other



