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Using a piezo-optical modulation technique we studied the changes of optical absorption associated
with the F band in KCl, KBr, and NaCl. Contrary to our expectations, structure is found in the
piezo-optic spectrum obtained with light polarized perpendicular to the stress axis. Such a structure
(F; band), observed with different degrees of clarity in KCl, KBr, and NaCl, is respectively, ~ 140,
~110, and ~90 meV above the maximum of the corresponding F band. We have not been able to
correlate this structure with spin-orbit coupling, phonon sidebands, Jahn-Teller effect, transitions to a
hybrid 2s-2p state, effects due to F-center preparation, or photochemical reactions associated with the
F center. It has also been empirically noticed that the energy of the F,, K, K,, L, L, and L,
bands differs from the energy of the F band by a value that can be described by the relation
E-E; = ¢l(l + 1)=2]; ¢, is of the order of 10 meV for all alkali halides with the NaCl structure
where the L bands have been found and ! is an odd integer. This relation is reminiscent of a

rotational spectrum.

I. INTRODUCTION

Although the F center in alkali halides has been
extensively studied,“? some problems remain
that, we believe, are related to the strong elec-
tron-phonon interaction. It is experimentally ob-
served, and theoretically justified, that the shape
of the F band is well described by a double Gauss-
ian.! The ratio of the half-widths on the high-
and low-energy sides of this curve changes slight-
ly with temperature. It is also known® that the
half-Gaussian representation of the high-energy
side joins smoothly with that of the low-energy
side.

Besides the excited state responsible for the F
band, there are other excited states of the F cen-
ter®* giving rise to the K and L bands. There is
some evidence that a large portion of the K band
is due to the series limit of the excited states of
the electron trapped in the negative-ion vacancy.*
The identification of the states giving rise to the
L bands as being electronic scattering states be-
yond the F-series limit, is based on the observed
large quantum efficiency for photoconductivity’ and
on a calculation® for KC1 whose result appears to
depend on the form of the potential chosen for the
F center as well as on the conduction-band pa-
rameters. In the present paper we will show that
other states besides p-like excited states coupled
to I'f, T';, and I'; vibrational modes contribute to
the optical absorption in the F-band region. The
coupling of the F electron with modes of such sym-
metries has been treated in detail by Henry,
Schnatterty, and Slichter (HSS)® and by Schnatterly’
using the method of moments. Gebhardt and Maier®
measured a similar quantity by observing the shift
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of the half-power-absorption points with stress;
they obtained values of the coupling constants of
the F-center electron with modes of I'j and I'y
symmetry that were in approximate agreement
with those of Ref. 7 for NaCl. The agreement is
much poorer for KCI.

As will be seen in this paper, the effect of
stress on the optical absorption is much smaller
when it is observed with light polarized perpen-
dicular to the stress axis (P,) than when it is ob-
served with light polarized parallel to the stress
axis (P,). This difference is a consequence of the
comparable strength with which the F electron is
coupled with stresses of I'/, I';, and I'; symmetry.
As a result, dichroism measurements (P,~P,)
are heavily weighted by P, except near the maxi-
mum of the F band where |P,|=|P,|. Our data
show that the structure appearing in P, is not
noticeable either in P, or in (P,-P,).

In order to obtain the coupling coefficient of the
excited state of the F center with modes of I'; and
I'; symmetry, a model for the excited states re-
sponsible for the F band is necessary. Schnatter-
1y” used the logical choice of a triplet I'; split by
the spin-orbit interaction into a I'y state and a I';
state. Such states are coupled mainly with vibra-
tional modes of '}, T';, and I'; symmetry. These
modes also couple the F to the K band. On the ba-
sis of our results, such vibronic energy levels
cannot completely describe the excited states of
the F center.

II. EXPERIMENTAL
A. Experimental technique and results

The experimental technique used in this study
is a modified version of the piezomodulation ex-
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1684 A. PERREGAUX AND G. ASCARELLI 10

periment described by Ascarelli and Barone, ®+1°
The sample is a crystal having the shape of a par-
allelepiped 1xX1X5 ¢m in size.

A parallel-plate capacitor is formed by a piece
of indium foil glued to the 1X1-cm face of the sam-
ple and an auxiliary electrode. The two plates of
this capacitor are separated by a thin Mylar sheet
(Fig. 1). When the frequency (~20 kHz) of an alter-
nating voltage applied on this capacitor is equal to
half the frequency of the lowest-extensional mode
of the sample, this mode is excited and the ampli-
tude of the internal alternating stress is approx-
imately @ times that of the external applied stress.
@, the quality factor of the mechanical resonator,
is of the order of 10%. In this fashion we apply an
alternating uniaxial stress (f =40 kHz) to the sam-
ple. This stress has a nearly constant amplitude
in the central portion of the sample, where the
measurements are made.

The strain is monitored by means of a vibration
detector'! which can be calibrated. The calibra-
tion sample consists of a metal rod on which a
strain gauge'? is glued. The errors in the relative
measurements of the stress are estimated to be
of the order of +20%. When successive measure-
ments are done on the same sample which has not
been removed from the cryostat, the reproducibil-
ity of the magnitude of the data is of the order of
+10%. The errors of the positions of the positive
and negative peaks are less than 1 nm.

The absolute values of the stresses may be af-
fected by large systematic errors. We would not
exclude a factor of 2. Such an estimate is essent-
ially based on the discrepancy between our evalua-
tion of the change of the F band with hydrostatic
stresses and that obtained by either Jacobs' or
Brothers and Lynch.!* Our values are, however,
close to those measured by Gebhardt and Maier.®
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FIG. 1. Sample mounted on the tailpiece of the Dewar.
The platform on which the sample is mounted is con-
nected to the liquid-helium reservoir by a J tube so that
the refrigerant liquid circulates both in the J tube and the
hollow platform.

As will be seen in the following, it is likely that
the apparent discrepancy between our results of
the change of the F band with the I'} -like compo-
nent of the strain, and those obtained by direct
hydrostatic-pressure measurement, arises be-
cause the experiments refer to different weighted
averages of a group of states.

Another important source of errors in the piezo-
spectroscopic measurements arises from a base-
line shift due to the periodic displacement of the
image of the exit slit of the monochromator on the
face of the photomultiplier used in the experiment.
This shift is produced by the periodic deformation
of the sample. On account of the nonuniformity of
the photocathode of the photomultiplier, the illum-
ination of different portions of the photomultiplier
face gives rise to a signal whose magnitude and
wavelength dependence can change with the partic-
ular region of the photomultiplier that is scanned.
The magnitude of this signal was under 3% of the
maximum piezospectroscopic signal observed with
light polarized parallel (P ) to the stress axis
when the optical density at the peak of the F band
was about 2. However, it gave rise to a “back-
ground signal” which was relatively important for
the measurements carried out with light polarized
perpendicular to the stress axis (P,). A block
diagram of the apparatus is shown in Fig. 2.

All crystals were initially annealed at 450 °C
for at least 12 h, in order to decrease internal
strains; thereafter F centers were produced by
X irradiation'®'!¢ at approximately —80°C. The
sample was warmed in the dark to room temper-
ature and it was mounted in the cryostat and
cooled. Red safelight (A= 620 nm) was used dur-
ing the mounting operation which lasted about 1 h.

The experimental results for the change of the
optical absorption coefficient a(E) as a function
of the photon energy E are given in Fig. 3 for the
F and K bands in KC1 at liquid-nitrogen tempera-
ture (LNT). (More detailed K-band data obtained
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FIG. 2. Block diagram of the apparatus.
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from more heavily colored samples will be dis-
cussed in a subsequent publication.) The data are
reduced to those to be expected for an absorption
coefficient of 1 cm™! at the maximum of the F
band and an applied stress of 1-Mbar rms. The
maximum stress at the center of the sample was
however only 5-bar rms. The data that are dis-
played correspond to a stress whose axis is along
the principal crystallographic directions: [100],
[110], and [111]. The polarization is either par-
allel (P ) or perpendicular (P,) to the stress axis.
Similar data are given in Fig. 4 for KC1 at 20 °K
stressed along [110] and are compared with the
data obtained on the same sample at LNT. Some
qualitative features are evident. The signal ob-
tained with polarization parallel to the stress axis
resembles what is to be expected from an external
perturbation that primarily changes the position
of the F-band maximum (broken line in Fig. 3).
The width and the maximum absorption of the F
band are only slightly changed. The signal aris-

ing from light polarized perpendicular to the
stress axis suggests that the above changes take
place for two bands displaced by about 150 meV
from each other. The higher-energy hump ap-
pears to be due mainly to a change in transition
probability.

A comparison of the data obtained with the
stress axis oriented along various crystallograph-
ic directions leads to the conclusion that the cen-
ter is in a cubic environment. An analysis of the
coefficients describing the shifts and splittings
of the F excited state under uniaxial stress'’ can
justify this statement (Table I). As an example,
the shift and splitting coefficients expected from
a hypothetical center having (100) symmetry are
given in the last column of Table I. Our data do
not indicate the presence of centers with axial
symmetry. From this information, from the F-
band absorption that is undistinguishable from
what is published by others,!*2 and from the fact
that neither absorption nor piezo-optic signal are
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FIG. 3. Piezomodulation signal (1/ca) (do/doy) for the F and the K band in KCl1 at 80°K. The quantity « is the ab-
sorption coefficient, o is the value of @ at the maximum of the F band (E,), and o3 is the applied stress along the
sample axis. The applied stress for all measurements was under 10- bar rms (~ 40 kHz) usually ~ 5- bar rms.

In order to get good signal-to-noise ratio near E,;, &, had to be about 2 cm~!, The broken line is an appropriately
scaled plot of (1/ag)da/dE. The lower curves are an enlargement of P, .
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FIG. 4. Comparison of the piezomodulation spectrum of KC1 at 80 °K and ~ 20 °K. Stress orientation [110].

detected on the low-energy side of the F band up Some evidence of anisotropy exists in the I, sig-
to A=850 nm, we conclude that the F centers are nal near ~2.35 eV. P, differs a little from the
isolated. In general, the data do not reveal any rigid-shift data (da/dE) described by the broken
dependence on stress orientation either in the P, line in Fig. 3. We shall initially ignore these dif-
signal, or on the low-energy side of the P, signal. ferences.

TABLE I. Predicted splitting of an excited state (I'y, I'y, or I'y) in a cubic environ-
ment with applied uniaxial stress (Ref. 16). The last column indicates what is expected
in the case of tetragonal centers in a cubic crystal,
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FIG. 5. Comparison of the dichroism measurements
for the F band in KCl at LNT obtained in this work
(P,-P,), and those obtained by Schnatterly (Ref. 7).

A comparison of the data presented in Fig. 3
with those obtained by Schnatterly” is given in Fig.
5. Since we do not know the absolute scale of
Schnatterly’s data, and in order to take into ac-
count errors due, e.g., to the stress calibration,
the data have been scaled so that both curves coin-
cide near the positive maximum. We believe that
the differences that remain are explained by dif-
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FIG. 6. Piezomodulation data for the F band in KBr
at LNT. The stress axis is [110]. Part (b) is an en-
largement of curves 2 and 3 in part (a).

ficulties in determining the base line, plastic flow
effects, differences in the optical bandwidth (6 A
in our case and 25 A in the case of Ref. 6), and
finally, possible errors in the estimate of sample
temperature. The latter are particularly import-
ant in our case at liquid-helium temperatures
(LHeT).

The data arising in the case of KBr and NaCl
are shown, respectively, in Figs. 6 and 7. In Fig.
8 our data for KBr are compared with Schnatter-
ly’s. From the raw data presented in Figs. 3-7
it is clear that structure appears in the stress-
modulation signal observed with polarization per-
pendicular to the stress axis. This structure is
approximately 140, 110, and 90 meV above the
corresponding F-band maximum, respectively,
in KCl, KBr, and NaCl. It is also clear that with-
in experimental errors the present data for (P,
—P,) agree with those of Ref. 7, so that a moment
analysis along the lines of Ref. 7 cannot but re-
produce Schnatterly’s results.

B. Qualitative analysis
We may expect, without considering any specific

model, that in the case of a single band, the ap-
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FIG. 7. Piezomodulation data for the F band in NaCl
at LNT. The stress axis is [110]. Part (b) is an en-
largement of curves 2 and 3 of part (a).
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plication of an infinitesimal stress to the crystal
will, in first approximation, cause a change in

the position of the maximum of the optical absorp-
tion, change the magnitude of the absorption maxi-
mum, and produce a change in linewidth.”®'" If
we represent the absorption coefficient o by a
Gaussian

2
a=a,eUE-E)/ WP (1)

where E is the phonon energy and E, is the energy
separation between a ground state and an excited-
state multiplet, then we have (0 being the stress)
aw

2 dE 2
= === u‘Tz(E -E,) '%Q+ W;(E"Eo)zﬁ

)]

In general, da/do depends on the direction of the
stress and on the direction of the polarization,
since the stress splits states that were degenerate
in the unstressed crystal.!” Equation (2) may be
rewritten

1 da

= T =a+b(E =E)+C(E ~E,). (3)

The value of dE,/do is related to the coupling of
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FIG. 8. Comparison of the measurements of di-
chroism in the F band in KBr at LNT obtained in this

work (P,-P,), and those obtained by Schnatterly (Ref. 7).

stresses of different symmetries with the levels
in question; in general, it is different when it is
observed with light of different polarizations. The
value of dE,/do is equal to the appropriate com-
bination of the coefficients A, B, and C given by
Kaplianskii!? and reproduced in Table I. The
cases considered in Table I are those of transi-
tions from a I'{ ground state to a I'] excited state,
from a I'y ground state to a I'y and I'; excited
states, and finally those from an s-like to a p-like
state for hypothetical centers that have their axis
directed along the equivalent (100) directions of a
cubic crystal. The coefficients A, B, and C in-
dicate the coupling of the electronic levels with
stresses that are hydrostatic (A), tetragonal (B),
and trigonal (C). Formally identical relations are
valid for the changes in transition probability, pri-
marily da,/do in our case. The coefficients'” '8
C,, C,, and C, describe the changes in transition
probability due to stresses having, respectively,
', I's, and I'; symmetry. In order to maintain
the same relation between the changes in transi-
tion probability with stress and the coefficients
C;, as between the changes in energy of the elec-
tronic states with stress and the coefficients A,

B, and C of Table I, our C, will be chosen three
times smaller than the coefficient given in Ref. 18.
When there are two superposed bands with ab-
sorption coefficients @, and o, such that a =a, + a,,
(1/a)da/do shows a discontinuity corresponding
to a transition from a region where band 1 dom-

inates to another where band 2 dominates.®
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320 [oor - 40
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P // [00]
P/ [T0]

| da

-320 a - —40

20 2.2 2.4 26 28
E (ev)

FIG. 9. Plot of (1/@)da /do, for the F band in KCI at
LNT stressed along [110].
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The data displayed in Figs. 6 and 7 as well as
the results expected from a rigid shift of the op-
tical absorption (the latter is proportional to the
derivative of the optical absorption) are shown in
Figs. 9-11 in such a way as to put in evidence
what is expected from Eq. (3).

In the case of KCl1 the P, signal suggests that
all three coefficients a, b, and c of Eq. (3) are
of comparable importance, while for P, the terms
containing the coefficients ¢ and ¢ are much small-
er than the term containing 4. In KBr and NaCl,
P, gives evidence of a discontinuity in the slope
of (1/a)da/do near the maximum of the F band.
This discontinuity is an indication of structure
similar to that observed in KCl1 in the originally
recorded data, respectively, =110 and ~90 meV
above the maximum of the F band.

The coefficient & introduced in Eq. (3) can, in
principle, be measured for each direction of
stress and each direction of polarization, and the
parameters A, B, and C can be calculated. We
have limited ourselves to an evaluation of A, B,
and C based on the part of our data that is on the
low-energy side of the F band, since the curves
indicate structure in the P, signal on the high-
energy side. In the absence of theoretical guid-
ance the assignment of the different parts of the
da/a curves to one or the other features is com-
pletely arbitrary.

On account of the shape of the P, curves, no
difficulty arises in the evaluation of b for P,
since its value is not a strong function of the posi-
tion that is chosen for the maximum of the optical
absorption giving rise to the low-energy side of
the F band. In the case of P, the choice is more
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FIG. 10. Plot of (1/a)da /dog for the F band in KBr
at LNT stressed along [110].

difficult, and the corresponding results for the
values of A, B, and C are moderately sensitive

to this choice in KBr and NaCl; the largest sensi-
tivity is found in KC1. One choice consists of ex-
trapolating linearly the value of d[(1/a)da/do)/dE
to the maximum of the F band. This choice was
made in Ref. 15. As a consequence one may get
b>0 from P and <0 from P,, which implies
that dE,/do has opposite signs for P, and P,, con-
trary to the experimental results. An alternate
possibility is to choose, in the case of P,, the
value of b at the zero crossing. In the first case,
the values B and C for KC1 are in much better
agreement with those of Refs. 7, 8, and 19 than

if the alternate choice is made. In either case,
the values of A, B, and C obtained are rather un-
reliable because more than one state contributes
to the piezo-optic signal. The signals due to these
states overlap very much and a calculation of any
coefficient is very sensitive to a somewhat arbi-
trary curve fitting.

In our estimates of A, B, and C we have not sub-
tracted an extrapolation of the signal arising from
the K band that might underlie the F band. The
justification lies in the fact that we are consider-
ing the values of A, B, and C obtained from the
data on the low-energy side of the F band where
an extrapolation of the K-band signal is expected
to be both small and uncertain. In order to give
a basis of comparison with other workers the ex-
perimental results for the coefficients A, B, and
C are nevertheless given in Table II.

To progress further we have to limit ourselves
primarily to an analysis of the KC1 data because
the structure observed in P, is more prominent
in this case. The results obtained with KBr and
NaCl will, however, give a qualitative confirma-
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FIG. 11. Plot of (1/a)da /do, for the F band in NaCl
at LNT stressed along [110].
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tion of the conclusions drawn on the basis of the
KCl1 data.

We shall call F; and Fyj; the two bands that ap-
pear in the F region (Fig. 3) with light polarized
perpendicular to the stress axis. Fj is the band
that corresponds to the low-energy side of the
F band while Fyy; corresponds to the high-energy
side (2.43 eV at LNT). We do not know where to
locate Fy; a reasonable position is the peak of the
F band (2.296 eV at LNT).

Referring to Fig. 3 one observes that the re-
sults for P, are independent of the direction of
stress while for P, they are independent of the
stress axis in the F;-band region only. This con-
clusion is also valid for the P, signal in KBr. On
the basis of this observation and from comparison
with Table I, we conclude that on the low-energy
side of the F band Kaplianskii’s coefficients B and
C are in the relation 3B=C, indicating piezo-optic
isotropy. The F; band behaves as if the respon-
sible center were embedded in an isotropic medi-
um. In KBr the anisotropy of P, in the F; region
is small. The anisotropy is largest in NaCl. A
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similar study of the low-temperature data (~20 °K)
in KC1 obtained with stress in different crystal
directions leads to the same conclusion regarding
the F; band, i.e., the piezo-optic signal is prac-
tically isotropic.

It is also immediately noticeable that the zero
crossings of both P, and P, do not occur at the
maximum of the F band. On the basis of Egs. (2)
and (3) this should be interpreted as a change in
a,. The zero crossing of P, and P, are, respec-
tively, at energies slightly above the F-band maxi-
mum and appreciably below it.

HSS® have shown that the invariance of the zer-
oth moment of the shape function (defined in Ref.
6) under external perturbations is an important
limitation of the method of moments. Schnatterly
extended this study to the case where a small ex-
change of area takes place between the F and the
K bands, by introducing additional constants de-
scribing, among other things, this exchange of
area. From our data a calculation of the changes
in zeroth moment of the shape function obtained
from the combined F- and K-band data (P,) in-

TABLE II. Comparison of the coefficients A, B, and C obtained in this work (on the low-
energy side of the F band) with those of other workers. The symbols * and ** indicate that
the value of b used in the calculation comes, respectively, from the zero crossing of P, for
P, and the maximum of the F band for P, or, from the maximum of the F band for both P,

and P,. All units are meV/Mbar.

Stress
Crystal T axis A B A2 Bb ¢d Ac Be c¢c Bd ¢4
KCl 80°K [100] 3.2* 1.2%
0.75%% 2 5%
[111] 3.0% 4.5%
1.0%* 7.5%% 45 2.1 88 3.72 2.63 2.1 8.3
[110] 3.4* 1.5% 3.6%
0.55%% 2.2%k 7 3%x
20°K [100] 4.4* 2.2%
1.8%* B 1%*
[110]  4.3* 1.7 6.4% 1.97 8.0
1.6** 3_2** 10.4**
KBr  80°K [100] 3.5% 1.75%
2.7% 1.5%*
[111) 4.4* 8.3%
3.1%* 7.0%% 54 1.5 6.4
[110] 4.7* 1.9% 6.5%
2.4%%  1.3%x 6 8%
20°K [110] 4.0* 1.9% 6.0%
2.1%%  1.3%k  5,9%x
NaCl 80°K [110] 9.5* 2.9%  12.5%
5.4%% 1.4%x 122%+ 54 0.82 6.8 4.3 1.24 8.75

2 Reference 12,
b Reference 6.

¢ Reference 7.
d Reference 17.
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dicates a notable change in the transition probabil -
ity, i.e., there is a large interaction with states
outside the F and K bands.

The positive and negative contributions to the
change in zeroth moment of the shape function
are given in Table III for KCl. They were com-
puted on the basis of the combined signal arising
from the F;, Fyp, and K bands. As could be fore-
seen from our previous discussion, the positive
anc the negative contributions to the zeroth mo-
ment obtained from P, nearly cancel each other.
The largest net change in zeroth moment arises
in the case of (100) stress. The contribution of
the signal in the K-band region (after a judicious
extrapolation of the F-band signal in the K-band
region) is estimated to be of the order of 1.5% of
the area arising from the positive signal.

With the possible exception of the P signal ob-
tained with (100) stress, we can conclude that
there is no experimentally observed change in
transition probability in the F- and K-band region.

The situation is, instead, completely different
in the case of light polarized perpendicular to the
stress axis. The changes in zeroth moment cal-
culated from the P, signal are appreciable; the
difference between the magnitudes of the positive
and the negative contributions are of the order of
25% of the latter. In the case of P, the K band
contributes from 20 to 30% to the magnitude of the

TABLE III. Experimental changes of the shape func-
tion calculated from the data of Figs. 3 and 4. The
terms A, and A_ (Mbar~™!) correspond to the positive
and negative contributions to the change of the shape
function. Both signals arising from the F and the K
bands are considered in the integrals. The background
was subtracted assuming it varied linearly between 3.1
and 1.9 eV. Note that in the case of P, its maximum
value is less than 10% of the maximum value of P ,, and
in the case of P its maximum value is less than 3% of
the maximum value of P, . In both cases its contribution
is particularly small in the F -band region. The back-
ground is shown in Figs. 3 and 4.

T Stress Polarization A, A_
80 °K [111] [111] 2.87 3.01
[111) [110] or [112] 0.42 0.31

[110] [110] 3.7 3.6
[110] [170) 0.53 0.46

[100] [100] 3.0 3.3

[(100] [010] 0.60 0.46

20°K {110] [110] 3.9 3.9
[110] [110] 0.51 0.54
[110] [001] 0.84 0.49

[100] [100] 4.3 4.6

[100] [001] 0.76 0.49

negative signal. If the signal arising from the K
band were subtracted, the net change in the zeroth
moment would be nearly doubled with respect to
those given in Table III. Errors caused by the
background signal (e.g., from inhomogeneities in
the photomultiplier cathode) cannot account for
such changes in zeroth moment.

Under the assumption that the high-energy hump
of P, is caused only by a change in transition
probability of Fy;;, one could locate the peak
of the Fy;; band in KC1 at 2.43+0.01 eV and esti-
mate its 1/e width to be roughly 0.14 eV. Since
the change in zeroth moment is predominantly ob-
served with light polarized perpendicular to the
stress axis, we conclude that the most important
state giving rise to F|;; has I'; symmetry'’ (f
like). Furthermore, the change in zeroth moment
was observed despite the fact that both F and K
bands were taken into account. It implies that the
oscillator strength induced by the stress must
arise primarily from states outside the F and K
bands. On the assumption that the signal in the
F{;; band region is due only to a change in area,
we can assign 15% of that change as arising from
the F} band, and about as much from the K band.

From the changes in the zeroth moment of the
shape function given in Table III, we estimate that
at LNT the values of the coefficients C; are [in
units of 1/Mbar, referring to the (1/a)da/do
curves| for KC1

€,=0.07, C,==0.11, C,=-0.12.

Errors are estimated of the order of 30%. The
results at 20 °K are consistent with the same val-
ues of C; although a slightly better agreement is
found if C,=-0.2 Mbar!.

On account of the large values of both the
changes in area and the coefficients C;, it appears
unlikely that the changes in transition probability
in the Fy;; band reflect a decrease in the intensity
of the L bands.'® It is a well-known fact® that the
L bands are removed by more than 1 eV from
both the F; and Fy;; bands and that their oscillator
strengths are much smaller than that of the K
band. Therefore, the limited size of the contri-
bution from the F; and K bands to the changes in
zeroth moment makes it unlikely that the L bands
play an important role.

It is also empirically observed (Fig. 12) that the
energies E; of the peaks of the Fy, Fi;;, K,, K,
L,, L,, and L, bands®°~% in KCI can be described
by the expression

E,=E, =¢,l(l +1) - 2¢,, (@)

where [ is an odd integer and €, is a parameter
determined experimentally. If, based on this em-
pirical relation, we assign the K, band (or the peak
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of the usual K band) to / =5, Eq. (4) describes
well the positions of the F, K,, L,, L,, and L,
bands in RbI, RbBr, KI, RbCl, and LiCl (Fig. 12).
The L bands have clearly been observed by op-
tical absorption measurements in all these crys-
tals.!® Except for the case of RbCl,'® the K, band
has not been observed in the above crystals and
accordingly, for the other crystals, a band cor-
responding to [ =7 is missing in Fig. 12.

The L bands have not been found by direct optical
absorption in both NaCl and LiCl, and the K band
is difficult to separate from the F band in both
these crystals. The K bands observed either by
photoconductivity or photoluminescence®*?* may
again be described by a relation of the form of
Eq. (4). In the case of KBr, NaCl, and LiCl, a
slightly better agreement is obtained if the L,, L,,
L,, and possibly L, bands are assigned to values
of I that are, respectively, 11, 13, 15, and 17
with a corresponding decrease of about 20% in the
value of €,. It implies that the [ =9 band is hidden
in the tail of the X, band.?? In view of its position,

s 4
W V a xcl
A €,514.3 mev

° RbCi
£,13.0 mev

v Rb Br
£,212.5 mev

e K Br
€,212.5 mev

o K1
€,210 5 meV

A RbI
€,59 5mev

x NaCl
€,511.5meV

v Lucl
€, 112meV

’

v v

s .
o

K

.
\g

x
x
»
iy
-
~

Ly Ls
160 200 300
£(t+1)-2

o

FIG. 12. Observed and calculated positions of the F,
K, and L bands in different alkali halides. The error
bars correspond to the width of the appropriate band as
experimentally observed. They are missing for the L
bands in NaCl and LiCl because they are unknown. The
data for different crystals have been displaced by 0.75 eV
for clarity. The straight lines are not chosen according
to a least-square-fit method.

the K band of NaCl cannot justifiably be assigned
to the I =5 state; its assignment to / =7 is the
only reasonable one, independently of the identity
of the L bands. It is interesting to note that an
equation of the type of Eq. (4) is reminiscent of
the energy spectrum of a rigid rotator that is
known to describe well the rotational spectrum of
diatomic molecules.?®

We would like to conclude this section by exclud-
ing the possibility that the observed Fy;; structure
arises either from spurious effects or from other
well-known states. Spin-orbit splitting of the
p-like states''?®:2” may be excluded. Not only is
the spin-orbit splitting too small to be directly
observable (11.4 meV for KC1, 19.2 meV for KBr,
and 5.1 meV for NaCl, but from an observation of
the data we would conclude that the separation be-
tween F; and Fyy; is larger in KC1 than in KBr,
which is exactly the opposite of what is observed
for the spin-orbit splitting in magnetic-circular-
dichroism experiments. Furthermore, the state
whose change of energy per unit stress is expected
to be isotropic (I'y) should give rise to an optical
transition that is at a higher energy than that
caused by the I'; state. This is contrary to the
fact that the most “isotropic” band (F) is below
the Fy;; band.

We may exclude the possibility that F; and Fy
are phonon replicas of each other. The character-
istic phonon energies, as obtained from the varia-
tion of the half-width of the F band with tempera-
ture,! are 11.5 meV for KBr, 12.2 meV for KCl,
and 18.1 meV for NaCl. Not only are these ener-
gies at least five times smaller than the Fi-Fyy;
separation that we estimate from our experimental
data, but the relative magnitudes of the Fy-Fy;
separation in KC1, KBr, and NaCl do not support
such an assignment. An assignement to LO phon-
ons is equally unrealistic.

We exclude that the Fyj; structure is due to a
transition to a 2s state mixed with a 2p state by
odd vibrational modes.

Stark measurements by Grassano ef «l.?® in-
dicate that the 2s level in KC1l, KBr, and NaCl
is, respectively, E;,=110 meV, E,,=70 meV,
and E,,=170 meV above the corresponding 2p
level. At first sight the values of E;, for KCl
and KBr do not appear to conflict with the value
of the energy difference (A) between Fy;; and Fy.
Such an assignment would, however, require that
A for NaCl should be nearly 1.5 times as large as
for KC1 contrary to the experimental result.

The mixing between the 2s and 2p state by I';]
lattice vibrations is expected to be characterized
by the quantity |(2s|z|2p)|/E,,. In the absence of
dynamic effects the matrix element (2s|z |2p)
characteristic of the Stark effect should be sim-
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ilar to that describing the mixing by I'; modes.
This matrix element is 1.5 times as large in KBr
as in KCl1 so that the 2s-2p mixing should be more
important in the former than in the latter. The
width of the 2s band?® is 20% larger in KBr than in
KC1. Accordingly, if the Fy;; structure arose
from a transition into a 2s state it should be about
equally important in both KBr and KC1. The ex-
perimental results do not support this conclusion.

Bogan and Fitchen,?® Stiles ef al.,*° Honda and
Tamura,* Kojima and Kojima,** and Hamm® esti-
mated the 2s-2p mixing of the states that contrib-
ute to the F center emission. In this case the
2s state is assumed below the 2p state. In the
case of emission of F centers in KC1 the 2s-2p
admixture is estimated as ~40% in Refs. 29 and
30, 10% in Ref. 31, 15% in Ref. 32, and 8% in
Ref. 33. The matrix elements (2s|z|2p) are esti-
mated® to be about three times larger in the case
of emission than in the case of absorption®® while
|Es,l is nearly identical. The admixture of the 2p
state into the 2s state in the case of absorption
should be, therefore, even smaller than in the
case of emission.

The small piezo-optic signal observed when
light is polarized perpendicular to the stress axis
arises because the cubic and noncubic deforma-
tions gave nearly equal and opposite contributions
to the energy shifts of the F band (Table II).

In the case of the 2s state in which there is a
small 2p admixture the coupling with noncubic
modes can only arise from the latter. The magni-
tude of this coupling can be estimated as equal to
the coupling of the “pure” 2p state times the ad-
mixture of the latter into the 2s state. The result-
ing coefficients B’ and C’ that describe the cou-
pling to nonhydrostatic stresses are expected to be
much smaller than in the case of a predominantly
2p state. The resulting piezo-optic signal should,
therefore, be nearly independent of the direction
of polarization contrary to the experimental re-
sult and about five times larger than observed.

The 2s-2p mixing should increase with increas-
ing temperature,® implying a progressive increase
in the importance of Fy;;. This appears to be sup-
ported by the experimental data. It should, how-
ever, be realized that any other mechanism that
relies on lattice vibrations in order to make trans-
itions to Fy;; allowed would give rise to the same
qualitative behavior.

We can finally exclude spurious effects related
to the production of the F centers: aggregation of
F centers among themselves or aggregation with
other defects. In the case of KBr, F centers were
produced both by x irradiation and by conversion
of U centers.®* The stress-modulation results
were undistinguishable. Our F bands in the case of

KBr and KCl1 were undistinguishable from others
published in the literature. The widths at half-max-
imum at 90 'K were 195 meV for KCl, 190 meV
for KBr, and 310 meV for NaCl. At 20°K, the
widths were 170 meV for KC1 and 163 meV for
KBr. The position of the F-band maxima were,
respectively, 2.296, 2.055, and 2.745 eV for KClI,
KBr, and NaCl at 80 °K. The positions of the band
maximum at 20 °K were 2.307 and 2.068 eV, re-
spectively, for KCI1 and KBr. The KCI and KBr
data are in excellent agreement with those of the
narrowest F bands observed by others. The piezo-
optic signal scales with the F-band absorption co-
efficient in the range of 1 cm™ < @, 8 cm™!, in-
dicating isolated F centers; furthermore it is lin-
ear in stress. We have not detected any F-aggre-
gate centers (M or R) in the optical absorption
(400 <A< 850 nm, 950 nm for KBr) and the depen-
dence of the stress-modulation signal on the stress
axis does not give any indication of a systematic
axis of the defect. The absence of F-aggregate
centers is indeed expected on account of the low
relatively uniform, F-center densities used.

We exclude that the structure is due to Petroff’s
B band.! If this were the case, some indication
should have been seen in P, as well as in P,. The
B band is ~ 25 meV above the F band in KC1 while
the maximum of the extra structure is ~140 meV
above the peak of the F band. Furthermore, if
the B band had been produced by a photochemical
reaction when the sample was being mounted,

KBr should have been more sensitive than KCl;
instead, Fy;; is more prominent in the latter than
in the former. Finally, when the F centers were
produced in KC1 at —80°C, and the sample was
cooled and measured at LNT without being warmed
to room temperature (RT), the stress-modulation
spectra had the same shape?® as in Fig. 3.

From these considerations we conclude that ob-
served structure does not arise from impurities,
F aggregates, phonon replicas, spin-orbit split-
ting or an eventual mixture of 2s and 2p states.

In all likelihood it is due to another state of the
F center whose symmetry is probably primarily
T, i.e., it arises from an f-like state.

III. EFFECT OF ELECTRON-PHONON INTERACTION

A. Coupling with even modes

O’Brien®® concluded that, in the strong coupling
limit, the Hamm reduction factors®” K, and K, that
describe the coupling of the trigonal and tetragon-
al components of the stress to the I'j states are
equal to £ when both Jahn-Teller energies
V2/2u,w? and 2VZ/3u,wE are equal, and when the
frequencies characteristic of the I'; and I'; local
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modes of vibrations, w, and w;, are the same.
The quantities V; and p; are, respectively, the
coupling constants of the electronic state with the
distortions of the Jahn-Teller complex that have
T'; symmetry and the vibrational effective masses
of the complex.

Whenever the above conditions are satisfied, the
Hamiltonian that describes the coupling of a p
state with lattice distortions transforming as I';
and I'; is soluble.’® The energy minima that cor-
respond to trigonal or tetragonal distortions are
on the same equipotential surface.3®

When we have either

A =[(VE/ugwd) /(VE/ugwd) = 1#0 (%)
or
A" =2(w? = w?)/(wE+w?)# 0, (6)

the equienergetic surfaces (that were spheres in
the five-dimensional space of the distortions @;)
distort and the energy corresponding to either a
trigonal or a tetragonal deformation of the Jahn-
Teller complex is lowered. O’Brien®® treated de-
partures from A’=0 and A” =0 with perturbation
theory and showed that the form of either one of
the above perturbations is the same. It implies
that perturbations arising from A’<0 and A”>0
partially compensate each other. O’Brien also
showed that the perturbations due to the fact that
either A’ or A” is different from zero have the
form of a cubic potential. When the trigonal or
tetragonal distortions of the Jahn-Teller defect are
favored, the Hamm reduction factors, K, or K,
corresponding to the unfavored distortion, tend
to zero.

Experimentally, for KCl neither the coefficients
B or C are particularly small. Their values are
nearly the same when obtained either by a moment
analysis or Eq. (3). From a comparison of Eq. (7)
of Ref. 17 with Eq. (4.2) of Ref. 29 we get

B=3K,Vi(s;, =815, )
C=K,Vis,,. (8)

The coefficients s;; and V§ are, respectively,
the compliance coefficients and the coupling con-
stants between the I'] state and the ¢th strain com-
ponent. We shall take V; =V}/a (where a is the
nearest-neighbor distance). This relationship be-
tween V; and V; implies that both a static and a
dynamic displacement of the ions surrounding the
F center are equally coupled to the vibronic wave
function.

From our measurements of the coefficients b
for KCI1 at LNT we get (Table II, coefficients B*
and C¥*)

Vs/Vy=(C/2B)(S,, — $15)/544=0.24.

We assumed tnat the values of s;; proper to the
vicinity of the F center are the same as in the
bulk. Using B** and C** (Table II) we get V,/V,
=0.30; from a moment analysis, Schnatterly” ob-
tained V,/V,~0.33. From the temperature varia-
tion of the second moments of the distribution due
to vibrations having I'Y , 'y, and I’} symmetry,
Hetrick'® found for KC1

w,; =2.3x10" sec™!,
wy =1.95X 10" sec™,
w;=1.4x10" sec™.

Using the observed values for w; and 1/ (from
B* and C*), assuming that K, =K, and that u;=p,
we get for KCl at LNT A’=-=0.63 and A”=0.6. We
are thus close to the special case calculated by
O’Brien.%

With the previous estimates of V; we may cal-
culate the Jahn-Teller energies for either a tri-
gonal or a tetragonal distortion, if we make some
assumption regarding the effective masses of the
I'; and I'J vibrations. If the effective mass is tak-
en as equal to that of the four-nearest K ions, one
obtains for the tetragonal distortions of the F cen-
ter in KC1

Eone va _< 2B >2 1 | 67mev *
T 2nw? \ (s, =sp)ak, | 2u,w? | 200 meV **
9)

Here K, =K, was assumed equal to . The single
and double asterisks refer to the corresponding
choice of B in Table II. The Huang and Rhys factor
defined as S; =E;1/fiw, would be about 6.8 in the
first case and about 20 in the second. Similar
Huang and Rhys factors are obtained in the case
of the I'y mode. Lemos and Markham®® estimate
1<S5,<10. Experimentally, from a comparison
of the energies corresponding to absorption and
emission, one obtains S, +S; +S; = 50.

Grasso el al.*® observed a magnetic-circular-
dichroism (MCD) signal in the C band of T1* in
KBr. The energy dependence of this signal has a
small resemblance with stress-modulation spectra
that we obtained when the light was polarized per-
pendicular to the stress axis. Grasso el al. ex-
plained their results in terms of a dynamic Jahn-
Teller effect and based their conclusion on the re-
sult of a calculation by Cho*° that had predicted
the observed line shape. Cho’s calculation for
both the MCD and the stress dichroism were car-
ried out in the strong-coupling limit (S; >1). The
kinetic energy of the ionic motion was neglected.
Although under certain conditions the calculation
predicts the observed double-humped curve for
the MCD signal, such a shape is not predicted for
the case of stress dichroism (SD). Except for a
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larger coupling to the I'Y modes, the case of T1*
should not differ significantly from that of the F
center.

Washimiya*' calculated the MCD for a band aris-
ing from a transition to a doubly degenerate state
which is coupled to doubly degenerate even modes
of vibration, in an axial surrounding whose sym-
metry is, e.g., Cs, Dy, or D,;. The interesting
result is that the MCD is an oscillating function
of photon energy, and that the optical absorption
is double humped. The expectation value of L,,
corresponding to vibronic states that contribute
to different parts of the MCD line shape, is a
result of contributions of terms arising from an
electronic transition associated with either an
even or odd number of phonons. The terms as-
sociated with an even number of phonons give a
contribution to L, that has a sign opposite to that
of terms associated with an odd number of pho-
nons. As a result, the MCD line shape may be
an oscillating function of energy.

Such a sign change is not expected when one
calculates the expectation value of an operator
that transforms as I'; or I'; of O,. We do not ex-
pect, therefore, an oscillating reduction factor
that might explain the shape of our piezo-optic
signal obtained with light polarized perpendicular
to the stress axis. Finally, although the interac-
tion with the I'] modes might smear out the double
hump calculated by Washimiya, no hint of its ex-
istence is found in the alkali halides, nor is there
any hint of an oscillating MCD dignal.?® We con-
clude that none of the theories of which we are
aware®¢:37:40:41 that consider a p-like multiplet
coupled to I'y, T'y, and I'f vibrations describe the
shape of the observed piezo-optic effect in the per-
pendicular polarization.

B. Coupling with odd “rotational modes™

The previous discussion indicated that the known
calculations based on the Jahn-Teller effect can-
not account for our observations. Neither a 2s
state with appropriate admixture of a 2p state nor
spin-orbit effects can account for the experimen-
tal results. Phonon sidebands appear equally un-
likely. The only observation that appears to have
any relation with the present results is the rigid-
rotator-like spectrum described by Eq. (4). It
appears to describe exceptionally well the relative
positions of the Fy, F,, K,, K,, L,, L,, and L,
bands in all the alkali halides where they have
been measured.

At this point we may only speculate on the origin
of Eq. (4). A more detailed justification requires
a complete study of the different local modes of
the F center, taking into account anharmonic ef-

fects. Such a task is outside the scope of this
work.

It is easy to convince oneself that on account of
the strong coupling with even modes anharmonic
effects will be important.

Based on the previous discussion of the Jahn-
Teller effect we may calculate the hypothetical
lattice distortion associated with a zero-phonon
transition (the zero-phonon transition is not ob-
served in the F center in alkali halides) for the
case of coupling with I'; modes.

The relation between the generalized coordinate
@, associated with a T'; distortion and the corres-
ponding Jahn-Teller energy is®

Ejp=:0Qou, (10)
where
Qn=(12)"Y2(22Z,=2Z; =X, + X, =Y, +Y,). (11)

The quantities X;, Y, Z;(i =1---6) are the dis-
placements of the six ions neighboring the F cen-
ter and p is the mass characteristic of the motion.
In the case of a dilation in the xy plane 2z,= -2z
=y, ==x,=y,==y,. For KCL,'® w=2Xx10" sec™!, u
is equal to the mass of four K ions, and 67 < Ejr
<200 meV. From this result we get for the am-
plitude of the motion in the xy plane 2.4x107° cm
<X =7.2x107° em. This value must be compared
with the characteristic length p appearing in the
Born-Mayer repulsive potential*?* Ae~"'?. In the
case of KCl, p,=3.24x107° cm. Anharmonic ef-
fects are accordingly expected to be important
even for the zero-phonon line.

The actual transition giving rise to the F band
has many I'; phonons associated with it and the
amplitude of vibration of the I'; distortions must
be larger than what has been calculated above.

The anharmonic effects must accordingly also be
larger. Similar results are valid for the I'{ and
T'; phonons.

Based on the above qualitative arguments we
speculate that the rigid-rotator spectrum described
by Eq. (4) arises on account of a rotational motion
of the center of mass of the nearest-neighbor ions
around the geometrical center of the vacancy. At
least the lowest levels of such a motion should a-
rise on account of the increase of radial force con-
stants and an eventual decrease of tangential force
constants that should accompany the large outward
motion of the nearest-neighbor ions due to the
coupling of the electron to the even distortions.

As is evidenced by the approximate validity of
Cauchy’s relations in alkali halides*® the tangetial
force constant is much smaller than the radial
one.*

A change of the radial force constants accompan-
ies the introduction of an F center in the lat-
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tice.***5 In the case of KI there is a decrease of
the nearest-neighbor constant*® by about 1% that
gives rise to a local decrease of c¢,, by ~30% and
a corresponding increase of ¢,, by ~50%. The
lattice relaxation is instead outwards**'*® in the
case of KBr just as we expect on account of the
coupling of the electron with I'; and I’} modes.

In order to provide an order of magnitude we can
calculate the radius of gyration R, of our hypo-
thetical rigid rotator on the assumption that the
effective ‘rotating” mass is that of two positive
ions. From Eq. (4) we get

€,=1*/21 = i%/2MRZ .

In the case of KCl, €,=14 meV and R,~6x10*°
cm, confirming the hypothesis that the displace-
ments required for the “rotational” mode should
be much smaller than those required for the even
modes.

On the assumption that the speculation of a ro-
tational motion of the center of mass of the near-
est-neighbor ions is correct we may expect
changes of the “rotational” quantum number just
like in a diatomic molecule.?® In the latter case
the selection rules associated with spherical har-
monics limit |Al| to one. In a cubic field the
group representations corresponding to odd spher-
ical harmonics with / > 1 always contain at least
one I';” and one I'J representation of 0,. Conse-
quently the cubic field relaxes the molecular se-
lection rule allowing transitions such that Al is
odd. The transition to the I'; state should contri-
bute to the K|, K,, L,, L,, and L, bands.

In the case of the Fy;; band, on account of its
vicinity to the F band, the I'] “rotational” state
is likely to be in the same region of the F band
and will be difficult to recognize. Stress, how-
ever, will make transitions to the I'; component
of the [ =3 “rotation state” allowed, justifying the
piezo-optic observations of the F;;; band.

IV. CONCLUSIONS

In KBr, KCl, and NaCl we have detected unex-
pected structure in the stress-modulation signal
observed with light polarized perpendicular to
the stress axis. From this observation we con-
clude that this signal is due to transitions to a
I'; state whose transition probability is induced
by both a I'; and a I'; deformation. The oscilla-
tor strength appears to arise from energy levels
lying outside the F and K absorption bands. We
have named this new band the F;;; band. It lies
at an energy slightly higher than the F band (~ 140
meV in KCl, ~110 meV in KBr, and ~90 meV in
NaCl. We considered the possibility that the shape
of the piezo-optic signal might arise from a Jahn-

Teller effect associated with the 2p state, from

a transition to a mixed 2p-2s state, from spin-
orbit effects, or from phonon sidebands, and con-
cluded that none of these assignments were plaus-
ible. It is empirically observed that the energy
differences between the Fy, K, K,, L,, L,, L,,
bands and the F band form a series of the type

Ei=Ep=e€,l(l +1)=2¢,,

where 9 meV <¢;<15 meV for all the alkali halides
in which the L bands have been observed. The
quantity [ is an odd integer equal to 1 for the F
band, 3 for the Fy;; band, 5 for the X, band etc.,
for the remaining bands related to the F center.

The above equation is reminiscent of a rigid-
rotator spectrum. We speculate that it describes
a rotation of the center of mass of the nearest-
neighbor ions around the geometrical center of the
the vacancy. The appropriate potential might
arise as a consequence of the large lattice dis-
tortion associated with the even distortions,
which through anharmonic coupling, could in-
crease the force constants for radial distortions
and decrease the already weak force constants
associated with tangential distortions. Evidence
for the weakness of the latter arises from the fact
that Cauchy’s relations, i.e., radial forces, pre-
dict the correct relation between C,, and C,, in
alkali halides.*®

If the above speculation has merit, the rigid-
rotator states corresponding to ! >1 and odd are
split by the cubic field into different irreducible
representations that always contain I'] and I';.
We assign the newly found Fij;; band to a transi-
tion in which the electronic state is p like and as-
sociated with a T’y rotational state arising from
an [ =3 rigid-rotator level. It is not to be ex-
cluded that higher rigid-rotator states might coin-
cide with higher electronic states as, e.g., the
F-center series limit assigned to the K band.®

Little support has been found for alternative ex-
planations based on the hypothesis that Eq. (4) is
purely fortuitous.

A final advantage of this model is that the photo-
conductivity that is observed in the K, and L bands
arises in a natural way (it may be, however, in-
creased by a corresponding anomalous density of
states in the conduction band). The I = 7 rotation-
al states are degenerate with states in which the
electron is excited into the conduction band with
the eventual contemporary creation of free pho-
nons. A transition from the localized to the free
states is then likely. Similar but not identical
effects have been found in polar semiconduct-
Ors.46’47

The F-center potential is expected to give rise
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to localized states pulled out from subsidiary
minima of the conduction band, e.g., at the point
X of the conduction band.*® The symmetry of such
states can be easily calculated in the effective
mass approximation.?® It can be shown that p-
like states would give rise to I'; states. Although
the effective mass approximation will certainly be
a poor approximation for the calculation of the en-
ergy of the proposed state, the above model should
appropriately represent the overall symmetry of
the wave function. We are, however, at a loss on
how to associate the Fy;; band with such a state.

A third alternative could be considered. A com-
parison of the results of Table III for the case in
which the light is polarized parallel and perpen-
dicular to the stress axis indicate that the data
cannot exclude a possibility of area exchange be-
tween the P, and the P, spectrum. If this is inter-
preted as excluding the “rotational -states” model

suggested by Eq. (4) it is difficult to explain the
shape of the stress-modulation spectrum as aris-
ing from the accepted p states giving rise to both
F and the K band interacting with appropriate lat-
tice vibrations. We are thus unable to bring any
support to this third alternative.
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