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the volume of "A is 0. 2/~ larger than that of "A.
The results are shown in Figs. 1-3, with experi-
mental data of Batchelder et al. ,

'4 and Egger et al."
The measurements of Egger et g$. were made with
natural argon and the frequencies have been in-
creased by the factor (I)'~'.

The agreement with experiment is very good,
considerably better than was found with nearest-
nelghbor 6-1.2 and 6-13 interactions by Goldman
et al. ,

~ and also considerably better than was found
with five-parameter second-nearest-neighbor
models by Batchelder et aE." This is particularly
noticeable for the longitudinal (110)waves, for
which none of the other models is satisfactory.

It is to be noticed that the unconstrained five-pa-

rameter fit of Batchelder et al. gave elastic con-
stants (in units of 10" dyncm ) c»=4. 11, c»=1.90,
c44

——2. 10, and 4 = 1.9. These are appreciably closer
to our theoretical values (c»=4. 16, c»=2. 80,
c«=2. 28; A, =2. 6) than are the ultrasonic results
of Keeler and Batchelder' (c»=4. 89, c»=1.88, c«
=1.64; 4 = l. 28), particularly in the value of c«.
The value of A is also much closer to all theoretical
estimates.
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A useful e 4ension is made to the existing theory of the optical absorption and emission bands
of defects and impurities in low concentrations in crystalline host materials. This extension is
able to account for the shape of the low-temperature absorption and emission bands in both the
details of the sharp-line phonon-related peaks and the broad-band characteristics-as applica-
tions to defect centers in the alkaline-earth oxides (and alkali halides) demonstrate. A lifetime-
broadening mechanisxn is introduced to explain the observed smearing and broadening of high-
er-energy multiple-phonon-assisted transitions, the manifold of such transitions giving rise
to the broad band. We then specialize to the case of F centers in cubic (OI, group) materials;
a short group-theoretical discussion shows for this case that only local modes belonging to
the I'&, I'&2, and I'&5 representations may be active and that both transverse and longitudinal
acoustic lattice modes near the I. band point are expected to be most active in coupling the
single trapped electron to the lattice. Comparison is made with recent experimental results
for the F center in CaO and MgO.

INTRODUCTION

Many impurity and defect centers in solids show
Gaussian absorption and emission bands. ' Partly
as a result of this and partly for the sake of mathe-

matical convenience most optical theories of these
centers assume a priori these bands to be Gaussian
or very nearly so. We present below in Sec. I
a simple extension of these optical theories by car-
rying out explicitly the sum over inner products of
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the vibrational part of the total vibronic dipole ma-
txix element, i.e. , a sum of Frank-Condon over-
laps. Considering local vibrational modes, simple
well-known harmonic oscillator functions are used
for these vibrational wave functions. For many
cases of interest the sum has less than twenty
terms, allowing theuse of a short computer program
and a plotted output. We introduce a lifetime-broad-
ening mechanism to account for the observed broad-
ening and smearing of individual higher-energy vi-
bronic transitions for defect centers in the alkaline-
earth oxides and alkali halides. The broadening
mechanism is essentially derived from the time-
dependent first-order perturbation of the zero-point
host ].attice motion upon the local-mode eigenvectors.
The results of Sec. I are general enough to have
applications to the understanding of optical spectra
of many molecular systems.

Section II applies the results of group theory to
the special case of the E-center defect in cubic
materials to determine which perfect-lattice modes
and which local modes (involving only the six near-
est-neighbor ions) may actively assist the electronic
transition from the ground to the first excited state.
Since much of the necessary group-theoretical for-
malism for this problem has been carried out by
others, we merely present the results. Special
attention is now paid to the CaO lattice as the I'
center in this case proves to have one of the more
spectroscopically interesting vibronic structure in
its absorption and emission bands.

Section III compares the results of Sec. I with
our recent observed absorption and emission bands
for the I' center in CaO and MgO, which represent,
respectively, two extreme cases of small and large
electron-lattice coupling parameters (Huang-Rhys
factors). Also an illustrative example is made of
the A3 absorption band in I.iF.

I, THEORY

For many impurity and defect centers there are
basically two extreme points of view one may take
regarding "the system" when considering the system

s +fgnay and +gngtgay appearing ln the
dipole matrix element. Because of the long-range
nature of the Coulomb interaction of the trapped
electron (or impurity ion, etc )w. ith the host crys-
tal ions, this electron (impurity ion) really inter-
acts with all the ions of the crystal and may respond
to many of the allowed motions (phonons) these ions
undergo. Here one would write 4',„„,= 4'(r, 8, P,
qtt qp, . . . t qgtt)t where t', 8t Q Rl'e coordinates for the
trapped electron and q„runs over the 3N coordi-
nates fox the N ions in the crystal.

The other extreme viewpoint takes "the system"
to be the trapped electron and only its six nearest-
neighbor (nn) ions. Further it is assumed that the
motions of the six nn ions may be effectively de-
scribed by a single coordinate q (dominate breath-
ing-mode model). Here 4',„„,= ql(i, 8, p, q). It is
the purpose of this paper to attempt a marriage of
these two points of view in order to better describe
the observed optical absorption and emission prop-
erties of defect centers, principally the I" center in
CaO.

The usual application of the Born-Oppenheimer
(adiabatic) and Condon approximations' allows the
integration of the electronic and nuclear parts in
the matrix element to proceed separately

for the ith electronic state and mth vibration level.
Here q symbolically represents as many nuclear
coordinates as may be practical and necessary to
adequately describe the system.

At any nonzero temperature one must average
over Rll the occllpled initial vibrational s'tR'tes (tB)
and sum over all possible final vibrational states
(n). Therefore, the matrix element appears as

The induced absorption coefficient in the dipole
approximation is usually written ass

n(td) = (It1,4v'td/35c)
i it i',

where the dipole matrix element

ii t(r)er initial(r)dr

and No is the density of absorbing elements (atoms,
ions, molecules, defect centers, impurities, etc. ).
Also, the intensity of radiation due to spontaneous
emission is usually written

I'(v) =NktdA, (2)
where N is here the number of centers in the ex-
cited level, h~ the energy released in the transi-
tion, and 4 the Einstein A. coefficient for sponta-
neous emission'4:

A = 4t~'
~

p, ~~/Sea@.

where the 5 function is essentially a statement of
the Bohr frequency condition and

As exhaustive studies of the electronic wave func-
tions are to be found in the literature, 6* we will
focus attention on the nuclear part of

~
1i

~

from
which an interesting energy dependence emerges.

The method by which the nuclear wave functions
are handled often depends upon the specific experi-
mental case at hand. For the cases encountered
here we find it convenient to first consider the
effect of local vibrational modes and later to in-
clude (if necessary) the effect of bulk modes due



VIBRONIC ASPECTS OF THE CaO AND MgO E BANDS 4181

to the host lattice.
The simplest local-mode approximation is to

consider only the six nn cations. The motion of
these ions will be harmonic for small displacements
about an equilibrium position [(q&"']. A description
is most easily accomplished in terms of the L nor-
mal modes and the L normal coordinates (q,). Then
our initial and final nuclear wave functions for the
absorption case will appear as products:

x'."(q) = 11x.'"(qd,
k 1 k

x'."(q)= II x".,'(q —~q ),
k=1

where the hqk describes the local lattice relaxation
in mode 0 to accomodate the excited-state electronic
wave function P~@. Then we have

I
~(z) I'"~ P-, ~ II I

(xl", «.- &q.) lx-",'«.) & I'
ink=0 nk=0 k=1

xr[z-(z„,-z )].
The nuclear wave functions X are harmonic-oscil-
lation functions

(*) (m& ./@v) P/2
Xn&('4) 2n&/21 tag/g ~ +n (ha)i2 k (nkt) k

where $,= (mv &/k)q„and H„($,) are Hermite poly-
nomials.

The general term

(x (qa +qa)lx „(qa)&

is difficult and not absolutely necessary. Our cases
of interest will be at low temperature [kT «Sr@,']
where only the lowest initial-state vibrational level
is occupied. Hence mk-0 for all modes k. We
further assume (for mathematical convenience) that,
for a given vibrational mode k, the frequency ~'k
will be the same for both electronic states, i. e. ,

Often these two frequencies may
differ by as much as 25%. In these cases, at higher
temperatures, an electronic transition involving
a local phonon may be strongly broadened. As we
are concerned only with the low-temperature case,
this broadening mechanism will not be present and
the above assumption of frequency equality will
not limit the treatment.

Then the general term appears as

ex. state

l qrj

Xk X x '. x k 'w 'J
Al

gr. state h. . . & /

l

q qiaq

local (defect) oscillator

2

0
set of lattice
oscillators

eat transfer
Id finger

I
E„„=Qh~d, (-,'+n, ).

k=1

Here, in the Bohr frequency condition, we have
separated out the electronic (Eo) and vibrational
(E„~) energy contributions.

The 5 functions yield a series of infinitely sharp
lines spaced A(d apart. One does not a pri,oui ex-
pect these transitions to be infinitely sharp in en-
ergy, nor are they observed as such (see Sec. IIIB).
Therefore, we replace each 6 function with a nor-
malized distribution of finite width. A Gaussian
distribution is chosen for convenience, although
more detailed experimental (and theoretical) work
may indicate some other distribution, e. g. ,
Lorentzian, etc. :

5(E —Eo -E„b)- I /o„v 2 w

"exp(- [(E—Eo —E.ib) /2oa]]" (5)

We now discuss a broadening mechanism account-
ing for all or at least part of the finite width ob-
served for each of the n, transitions. (See Fig. l. )
To this end it is convenient to consider the local
(defect) oscillator coupled to an oscillator (or set
of oscillators) representing some of the normal
modes of vibration of ions in the host crystal. We
consider all oscillators as treated quantum mechan-
ically, i. e. , with discrete or quasidiscrete energy
levels. The local oscillator consists of six nn
cations electrostatically bound and centered on the

$ "a

where the Huang-Rhys factor S,= m~, (bq, ) /28.
Let

a, „=(s,)" /(n, ) ..
Then

OO

Iil(z)I p 11m e '&r(z Eo E,)——
nk=0 k=1

where

(4)

FIG. 1. Width 0~of each mth local harmonic level is
broadened by coupling (K) of the local oscillator to lattice
oscillators of the same frequency (cu). That is, the local
oscillator transfers (couples) energy into a large set of
lattice oscillators which is part of the semi-infinite
(- 10 ) ensemble of lattice oscillators, all of which are
assumed in a zero-point energy level at low temperatures:
m Ipp (m —1)1«and 01«. The density of lattice oscilla-
tors in other than the zeroth level is very small so that
the probability of the inverse process [m1«(m +1)Ipp'

and j1et (j—1)1«] is vanishingly small. For convenience
only coupling of the excited electronic state is shown.
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faces of a cube whose center lies at the anion va-
cancy. The set of oscillators of varying frequency
representing the bulk modes of the host crystal is
a mathematical artif ice but does, in fact, repre-
sent quite well for our purposes the quasicontinuous
range of frequencies allowed in the host crystal.
More details of the distributions of these lattice
frequencies and the nature of the different modes
will be discussed later (Sec. II). They are not im-
portant for the present argument.

At low temperatures nearly all of the bulk mode
oscillators are in their ground states and the initial
vibrational state for each mode k is also in its
zero-point level as assumed above (m, -0). How-
ever, after (an assumed Frank-Condon) electronic
transition P'"- Pi2' the local oscillators of mode k
may occupy a number of higher vibrational levels
n, Th. e center (trapped electron and six nn cations)
then "cools off" by emitting phonons into the semi-
infinite "cold" reservoir of the bulk crystal. This
phonon emission may be considered a degenerate
energy transfer between the two oscillators, local
and bulk.

The first-order coupling will be a linear term of
the form Kqg, where q represents the local oscil-
lator coordinate and Q the bulk oscillator coordi-
nate. K is some "effective" coupling constant
whose absolute value in any specific case has little
or no physical significance because of the nature
of our simplifying assumptions.

Because of the finite lifetime of the local oscil-
lator in excited state n„ that state will be broadened
due to the uncertainty principle AEht-S. The life-
time in level n, is inversely proportional to the
transition rate out of level n, initiated by the cou-
pling perturbations. More specifically one may
think of this perturbation as a timewise modulation
of the coupling between the six nn cations caused
by the bulk lattice vibrations. We may then use
the results of time-dependent perturbation theory
to calculate the transition rate

I/~= (2w/k)
I
v ~I'p„„„,

where p«„„ is the density of final states and V,f
the perturbation matrix

For the absorption case write (specializing to
the case of one mode)

Xfinnl X n (I)Xt(Q), Xinitini XIn"(if)X,@).

Then from well-known properties of the harmonic-
oscillator functions~ we have

~ff ~ ~n, m+1+ ~n, m-1

X 6 ~ &1+

where e; = m, td, /I, subscript i covering both local
and bulk oscillators. Conservation of energy re-
quires v, = ~z. The two cases, simultaneous ab-
sorption (5„,, 5;, ,) and simultaneous emission
(5n ~, 5i &,) are eliminated by conservation of
energy. The assumption that at low temperatures
initially all bulk oscillators are in their ground
state requires j= 0. This eliminates the possibility
of the local oscillator absorbing a phonon from the
bulk lattice (5„„5;~,).

Finally we have

as the lifetime of the mth unrelaxed local vibra-
tional level. The energy width of this level will
then be

hE -h/ht ~ m. (6)

It is hopeless to attempt to calculate an absolute
value for hE since so many factors (i. e. , n;, K,
etc. ) are "effective" in that they "average" over
many complex physical processes. The most one
can hope for is a proportionality.

Therefore, we write for the energy width of the
nth vibrational level for the kth mode

g(0)+ ~(0~ (7)

where 0'~' is related to the observed half-width of
the zero-phonon line and 0 ~ represents a lumping
together of all the constants (i. e. , n„K, k, etc. )
dropped in the proportionalities leading to Eq. (6).
For the assumed Gaussian distributions the ob-
served half-width is equal to 2M2 I ln-,'i'~ao. The
contribution o'~', at low temperatures, is usually
due to random strains introduced into the lattice
by radiation damage and/or nearby perturbing de-
fects. The size and number of subcrystals and
dislocations also affects o ~' as it has been found
that "proper" heat treatment sharpens the zero-
phonon line.

The broadening of phonon structure toward the
high-energy portion of the absorption band may al-
ternatively be ascribed to the progressive spread
in the frequencies of multiphonon transitions asso-
ciated with a distribution of lattice frequencies. If
a small group of frequencies, in the vicinity of a
van Hove singularity in phonon k space, for example,
interacts with the F center, the n&0 peaks in fact
are smeared to widths proportional to n —precisely
the result Eq. (7). A smearing pattern of this form,
therefore, is quite general; its presence does not
necessarily indicate that only local modes are in-
volved.

Substituting Eqs. (7) and (5) into (4), we have for
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low temperatures

L

Q (0&0) 0&1)8 )
0=0

This dipole matrix element may then be used in Eqs.
(I) Rnd (2) to predict the shape of the optical ab-
sorption n(E) and emission I'(Z) due to E centers
in any host material. (We specialize to cubic host
materials in Sec. II. ) This generalization to any
host material is valid because the treatment has
not involved specific assumptions regarding the
symmetry of the surrounding host lattice. Again,
Eci. (8) is not restricted to the optical properties
of the I' center, but may successfully describe the
shape of the optical absorption and emission bands
of any impurity of defect center obeying the above-
mentioned adiabatic and Condon approximations.

In this section, Se].ection rules are applied that
determine which modes (both local and perfect lat-
tice) InRy Rsslst R11 electl'Olllc dipole tl'Rllsltloll wllell
the symmetry of the initial Rnd final electronic state
wave functions are known.

It ls R geQex'Rl x'esult of gx'oup theory that ln ol dex'

to be nonvanishing, an electric dipole matrix element
must be totally symmetric undex' any operation of
the site group. That is, since the site group for
F celltel'8 111 cllblc llost cl'ystR18 (RlkR11 halides~ Rl-
kaline-earth oxides, etc. ) is the O„(cubic) point
group, the total matrix element must belong to the
l"& representation. The representations of the ini-
tial (final) system wave functions will be direct pro-
ducts of the representations of the initial (final) elec-
tl'Olllc WRve fullctloll Rlld lllltlR1 (fillRl) vlbl'R'tlollR1

wave function. From previous work it is known
that P") and P") belong to I", and I',„respectively.
At low temperature the initial vibrational state is
the totally symmetric (I",) zeroth-order harmonic-
oscillator function X~01„'. As the electric dipole oper-
ator is vectorlike, it belongs to the I"&5 representa-
tion. These results require that the final-state vi-
brational wave function y'„' belong to the I"l, I",'2,

I'j'5, or the I"2', representative.
First consider the local vibx ational modes, A

standard vibrational normal-mode analysise of the
system of six Qn cRtlon8 harmonically bound by
Hookean spxings results in eighteen normal modes
as follows: three rotational and three translational
modes; a nondegenerate I"z mode; a doubly degen-
erate I',3 mode; and triply degenerate I',~, 125, and
I'3'~ modes. Therefox'e, of the above final-state vi-
brational modes only I"; (breathing), I";2 (tetragonal),

and I"2; (trigonal) modes may be present as local
modes with the fixst excited electronic state.

In ox'der to consider the bulk vibrational modes
(lattice phonons), we first reduce the space-group
representations for phonons into a sum of defect
site- group x epresentations. A prior one expects
those phonons at high densities of states in the
Brillouin zone to be dominant over all those which
are allowed by symmetry to be active in phonon-
Rsslsted electx'onlc tx'RQsltlons. The x'eductloQS,
therefore, need be carried out only for special
high-density-of-states points on the first Brillouin
zone boundary. This reduction has been carried
out by I.oudon. '

Furthermore, in order to make quantitative as-
signments of vibrational peaks experimentally ob-
sex'ved to accompany electronic transitions, lt 18
necessary to know the space-group symmetry as-
signments Rt speclRl points 1Q the Bx'111ouln zone,
Again, these symmetry assignments have been
reported by Loudon for some special high-density-
of-states points in the fce lattice. However, to
make even qualitative assignments, somewhat de-
tailed information is required of the dispersion
relations &u(k) and the density of lattice phonon
states fox' the host material. Experimentally, one
of the most interesting host crystals in which to
study vibrationally assisted electronic transitions
associated with the simple E and Z' centers 18
CaO. Other aggx egate-defect multielectron trap-
ping centers, such as the A~ and E centers, show
strong phonon peaks in a variety of alkali halides
and alkaline-earth oxides. 0 Unfortunately, to

. dRte no complete Qeutx'on diff x'Rctloll results hRve
been reported for CaO so that the details of the
dispersion relations remain unknown. Theref ore,
in ox'dex' to complete this RQRlysls, some estlmRte
must be made of the frequency of some of these
high-density-of-states points near the zone boundary
fox' CaO.

To thi. s end we use the detailed relative density
of siR'tes Rlld d18perslon I'61Rtlolls for MgOq R

similar cubic material to CaO. Table I summa-
rizes Peekham'8 results for MgO. Some theoret-
ical considerations' on the alkali halides show a
similarity in density of phonon states between LiF
and NaF, materials similar to MgO and CaO. It
is difficult to derive from fundamental considera-
tions a "scale-down factor" for the dispersion re-
lations from one material to another. This is so
because the degree of ionicity increases down the
alkaline-earth oxide series MgO, CaO, SrO, and
because of the paucity of experimental information
regarding the interplanor force constants. How-
ever, xecent infrared optical measurements'3
have placed the F point LO and TO modes at 5VO+ 7
and 295+0. 5 cm ', respectively, and a most re-
cent tentative neutxon diffraction result' places
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TABLE I. Lattice phonon energies (cm ~) for some
special high-density-of-states points in the first Brillouin
zone for two alkaline-earth oxides. The results for MgO
are taken from Peckham {Ref. 11), while those for CaO
other than TOI ~ LOr~ and TAx) are only meant to be

suggestive.

Mode

TA

Point in Brillouin zone

I X Z L, I"

0 305 423 280" 0

K I

TO

0 430 423 5O5" 0 330 324 387'

385 413 479 332 295 317 367 254

702 518 479 674 570 395 367 515

'Allowed by symmetry to assist the y'" —y"' elec-
tronic transition in I" centers in cubic materials.

b Reference 11.
'Reference 14.
Reference 13.

TAx at 209+ 6 cm 1. These points then may be
used in a qualitative manner to scale down the de-
tailed dispersion information for MgO to the CaO
case. Table I also lists these results for CaO.
Figure 2 superimposes this tentative density of
states for CaO with a similarly tentative dispersion
relation along the x axis. The symmetry assign-
ments reported by Loudon taken with the reduct:ion
coefficients and the above result that only final-
state vibrational wave functions belonging to I"'„
1",'2, I",'„and I"z', representations then indicate
that principally the TA~ and LAJ. lattice modes
may appear in the vibronic spectra associated with
the dipole electronic transition to the first excited
state of simple I' centers in crystals with the NaC1
structure.

III. EXPERIMENTAL

The band-shape functions presented in Sec. I
together with the selection rules presented in Sec.
II were developed primarily to account for the
shape of the optical absorption and emission bands
due to E centers in the alkaline-earth oxides. Sec-
tion III describes the manner by which low-tempera-
ture absorption and emission spectra of I' centers
in CaO and MgO were recorded. %'e then compare
these experimental results with computer-generated
plots of Eqs. (l) and (2) employing the vibrational
portion of the matrix element expressed in Eq. (8).
In these experiments both neutron-irradiated and
additively colored samples were used; the former
(before irradiation at Oak Ridge National Labora-
tory) were suppbed by W. 5 C. Spicer Ltd.
%'inchombe, Glos. , England and Semi-Elements
Inc. , Saxonburg, Pa. and the latter by Hensley,
University of Missouri.

A. Procedure

Absorption spectra were taken using a Cary Mod-
el 15 recording spectrometer fitted with a small

liquid-helium Dewar. Ternpera-
ture was recorded with a carbon resistor and
dc bridge calibrated with R series of fixed-point
temperature baths.

Emission spectra were taken with an apparatus
specifically designed for this purpose. Samples
were mounted in the same Dewar used in the ab-
soI'ptlon woI'k Rnd were lrI"RdlRted with monochro-
matic chopped light. The resulting optical emission
focused onto the entrance slit of a Bausch and Lomb
0. 5-m grating monochromator blazed for the uv.
Of all the emitted radiation only that along an axis
perpendicular to the axis of the incident excitation
beRm Rnd origlnatlng fI'om the fRce of the crystal-
line sample originally exposed to the excitation
light was focused onto the monochromator slit.
Other geometries were explored, but this one was
found to minimize the self-absorption of the emitted
Mossbauer-like zero-phonon line from the I" cen-
ters in CaO. The exit slit was in turn focused onto
a photomultiplier tube. A chopped excitation beam
allowed the use of standaId phase-sensitive detec-
tion techniques. The wavelength sweep rate on this
monochromator could be adjusted from 500 to 0. 5
A/min. The dc signal resulting from the lock-in
amylifieI was fed to a strip chart recorder together
with a wavelength indexing signal from the mono-
chromator drive mechanism. The response of the
detector system was normalized by comparison to
a tungsten filament lamp whose spectral distribu-
tion was known over the region of interest.

CaO --——

6-&es~LQ
5

4

————To
~SP

~» w t5A/5
LA r --=---- Zoo'4r
r

r r TArrr
sr&

Density of iattice
phonon states

FIG. 2. Tentative dispersion relations and density of
lattice phonon states for CaO. This diagram derives
from "scaling-down" similar information for MgO (Ref.
11) and fitting to the following three points known for CaO:
the two optic modes at the I" point from ir optical ab-
sorption measurements (Ref. 13) and the TA mode at the
X point from tentative neutron diffraction results (Ref. 14).
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C.
-2S .c«

Vl
J3

3.7
Photon energy (eV)

FIG. 3. Absorption due to F centers in neutron-irradi-
ated CaO; comparison of low-temperature experimental
results with one-, two-, and three-mode absorption
shape functions. The uncorrected absorption data are
shown together with an assumed base line whereby the
"corrected" band is obtained. Most of the Inodel param-
eters are determined from the observed data (also see
text). For the one-mode model (I =1) the zero-phonon
line is foundnear 28 114 cm ~ and the "average" multi-
phonon peak spacing is 250cm"~; thus set Eo+21~~ to
the former and Iso~ to the latter. The zero-phonon line
half-wldtll 18 & 1 A.;hence Set (rf —12 c111 . The width
of the first multiphonon line is&4 A hence set o&~~) —-45
cm" . With these parameters we find that an 8~ =4.50
yields a band whose broad-band peak most closely agrees
with that of the (corrected) observed band, where the
sum over n~ was terminated at 15. The best two-mode
(L = 2) parameters are ED+I/2(cog+u2) = 28114, 5'&~t =200,
I'v2 —-300, ~I «+0'2~0« —-12, o«««=13, 0»~ «=30 cm, S~ —-1.80,
and 82 —-2.50. Similarly, the best three-mode (I = 3) pa-
xameters are Eo+I/2(su~+(d2+~3) =28114, 5'~, =200, 1~2
=290 I~ =360cm-' ~"'+~&"+~"'=18 ~"'=13 ~~'&

=o3~~)=15cm t, S~
——82=1.70, 83=0.90, and where (for

&=2, 3) n~, n2, and ns sums were terminated, respectively,
at 18, 12, and 10. In those regions where it is not ex-
plicity shown, the curve for the three-mode model fol-
lows (almost) identically that, for the two-mode model.

contradiction here is nonexistent: One may con-
sider, for the purposes of the model, replacing
the actual bulk phonon density-of-states distribu-
tion (and the symmetry selection rules) by one
or two 6 functions at (d&, coa, or ~3 corresponding
to high-density-of-states points in the phonon dis-
tribution.

For the one-mode shape functions an A~& of 250
cm ' was chosen partially as an average of the
first two phonon peaks observed (in absorption and
emission) at approximately 200 and 300 cm ' from
the zero-phonon line. More support for this choice
stems from the temperature-dependence measure-
ments of the broad-band half-width which yields
an "effective" electronic ground-state vibrational
frequency of 252+6 and 280+20 cm ' for the
effective excited-state vibrational frequency 7;

these are from fitting the observed half-width
values to the well-known semiclassical expression
~(T) = &E(0)[coth(hv/2kT) j~ . The best-fit
Huang-Hhys factor was 4. 5 for both absorption
and emission. This compares favorably to the
computed ratio (e ) between the integrated ob-
served intensities of the zero-phonon transition
and the broad bands which yields S, =4. 9 and

S,q=4. 5.
Fundamental frequencies at 200 and 300 cm ~

were chosen for the two-mode models because
these were the two lowest peaks in both absorption

B. Results

I" center in CaO: Absorption meed Emission

The I" center in CaO has been shown to possess
an interesting vibronic structure in both absorp-
tion and emission. '5' '6 Figures 3 and 4 show the
recent observed optical absorption and emission,
respectively, together with the results of the one-,
two-, and three-mode shape functions. In all
cases, the theoretical curves have been normalized
to the experimental results. The position of the
various multiphonon lines and their possible as-
signment are shown in Table II. The computer
analysis was carried out using discrete modes,
which may or may not be visualized as local modes.
The results of Table II indicate that many of the
phonon peaks may be accounted for by considering
only the presence of bulk modes. The apparent

Photon energy (eV)

FIG. 4. Low-temperature emission from the E center
in CaO; comparison of low-temperature experimental
results with one-, two-, and three-mode emission shape
functions. The best one-mode parameters are identical
with those used in the one-mode absorption model (Fig.
3). The best two-mode parameters are again similar
to those used in the two-mode absorption model save
o~~~)=17, o2~~ ——38, S~ —-1.00, 82 —-3.50. The best three-
mode parameters are again similar to those in Fig. 3
except Boa=385, o.

&
+o.

2
+o.3~ ——24, o.~~

'=o.
2~ =o.

3 =17,
8~=1.40, 82=1.90, and S3=0.90. Again, in those re-
gions where it is not shown, the curve for the three-mode
model follows identically that for the two-mode model.
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TABLE II. Vibronic structure associated with the absorption and emission I bands in CaO (see Figs. 3 and 4) and
their tentative assignment.

Position
(cm ~)

28 114+8
28 320+ 10
28417 +12
28456 +12
28 555+20
28 666 + 14

Ab sorption

Separation from
zero-phonon line Tentative

(cm-&) assignment

206
303
342
441
552

position
(cm ~)

28 114+ 12
27 909+ 15
27 812+ 15
27 608 +20
27 551+20
27481 +20

Emission

Separation from
zero-phonon line

(cm ~)

205
302
506
583
633

Tentative
assignment

and emission. The 205-cm peak may be identi-
fied with a local mode (I',',) broadened by a TA
lattice mode at either the X or L points, or a di-
rect (allowed) coupling to a. TAJ. mode, or possi-
bly both (near accidental degeneracy).

Further evidence for assigning the strong peak
near 200 cm ' in both absorption and emission to
a l, 2 local mode comes from a moments analysis
of Kemp et al. ' where they suggest this mode as
possible the dominate noncubic vibrational mode
causing a broadening of the Faraday rotation as-
sociated with the CaO E center absorption band.

The 302-cm ' line may not be directly associated
with any lattice modes because of the symmetry
requirements (see Table I), and is therefore most
likely a local mode (I"z',) broadened by a TOr, TO&, ,
TAX, or LA~ lattice mode. In both absorption and

emission the A&2 mode is seen to couple more
strongly to the trapped electron than the 5&, mode
does, i. e. , S2 & S,. The small peak at 550 cm '
in absorption and at 620 cm ' in the emission shape
function is due to the degeneracy of 2h(d2 and 3k~, .
This is observed to split in the emission data
yielding the two peaks at 583 and 633 cm '. The
major criticism of the two-mode shape function is
the large discrepancy in emission near 400 cm '

and in absorption near 350 cm '. This is best
rectified by introducing a third (weakly coupled)
mode at these positions.

Indeed the inclusion of a third weakly coupled
(Ss = 0. 9) mode does remove most of the above
criticism We int.erpret the third mode (8m~) near
350 cm ' to be the highest-frequency 1"', local mode
broadened by either or both of the optic modes at
the K point or a direct coupling to the LAI. lattice
mode. The three-mode emission shape function
then may quite adequately describe the observed
emission band and associated phonon structure.
However, the high-energy side of the absorption
function deviates markedly from the observed
band. Huges has explained this observed partial
double-hump character of the absorption band in
terms of a Jahn- Teller split excited electronic

state caused by the simulta. neous (and approxi-
mately equal) coupling to both I",2 and I'2', noncubic
local modes. A convolution of a double-peaked
broad-band shape from the tetragonal mode and a
triple peaked band from the trigonal component
mode of the Jahn- Teller split electronic excited
state together with a smaller (S, =0. 53 S2) coupling
to the symmetric I", mode smears out any strong
double-peaked character of the main broad band. "
(Huges's Sec. IV is extremely germane here. )

Our reported Huang-Rhys factors (S;) are very
sensitive parameters. Large- scale computer
plots show that even 10% changes in these param-
eters result in completely different and disagree-
able relative phonon strengths with the observed
first few phonon-assisted transition peaks in both
absorption and emission. The broadening (g)
parameters are somewhat less sensitive, being
able to sustain at most 20%%uo alterations before
resulting in large disagreement with observations.

These results of the computer calculations also
bear out the intuitive noti. on that the number of

modes present does not (necessarily) control the
(net) strength of the coupling; tha. t is the total
Huang-Rhys factor S= E S; should be the same
for a one- or many-mode shape function. Inspec-
tion of Figs. 3 and 4 shows this to be true. This
is evident from Eq. (8) as the model product of
exponential terms results in a sum of model
Huang-Rhys factors S~. It is also clear from a
configuration-space argument of which Fig. 1 is
a, single projection (i = 1): As S; ~@ and q~

=g;q;~g;S„ then S~ES;.
2. F center in MgO:

AbsorPtion and Emission

As an example of the lifetime broadening model
applied to large defect-lattice coupling systems
(S»1, i. e. , cia,ssical systems) we include our
results for the F center in MgO. A comparison
of the observed absorption and emission bands
with the results of the one-mode model are shown
in Fig. 5. For comparison we also show the re-
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F- CENTER in Mg0 ot 80 'K
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FIG. 5. Absorption and emission bands of E center in MgO; comparison of LN temperature experimental results with
the one-mode lifetime broadening model and a semiclassical Gaussian approximation. Parameters used in the one-mode
model are So+I&&/2 =32700 and I&& ——250 cm, 0

&

——11, 0
~

=36 cm, S& ——35 for emission and S& ——31 for absorption.
Because there is no phonon structure visible Qarge Huang-Rhys factor) these results are very insensitive to the 0 param-
eters. This sample was additively colored at 1570'C at 135-Torr partial pressure Mg. From ESR measurements,
N= 1.38 +0.35 &&10~~ cm 3. Application of Smakula's equation to the (corrected) optical absorption data yields Nf = 0. 875
&&10 cm yielding an oscillator strength for this system off=0.63+0. 16. The upper limit on f agrees with previous
calculations (Refs. 7 and 23). This somewhat low value of f also suggests a relatively small ratio of E' to E-center con-
centration as the E' absorption band is thought to nearly coincide with that of the E center in MgO. The low-temperature
LHT emission quantum efficiency was generally very low; we estimate 10 5 —10+.

suits of the semiclassical approximation (valid
when S» 1) where the dipole matrix element p(E)
is replaced by a Gaussian distribution of half-
width equal to that of our one-mode shape function.
We see that the over-all agreement of the one-mode
model with the observed bands is better than that
of the theoretical Gaussian band; here the appro-
priate factors of E (absorption) and E (emission)
have been included [see Eqs. (1), (2), and (3)].
Actually the Gaussian approximation for the emis-
sion band is better than one would expect a priori
since the E term tends to offset the long low-
energy tail. The small discrepancy on the low-
energy side is most likely due to a small absorp-
tion band centered near 4. 3 eV due to the presence
(& 10 ppm) of an Fe' impurity ' in our samples.
On the high-energy side of the absorption band the
difference between the observed and model curves
suggests a small band centered at 5. 43 eV of some
0. 16 the integrated intensity of the model band.
This may be associated with two small bands at
5. 31 and 5. 58 eV found by Henderson et al. 22 in
their Gaussian decomposition of this F-center
absorption band. The majority of the poor agree-
ment on the low-energy side of the emission band

may be accounted for in terms of an uncertain

detector normalization as the error bar indicates
and a possible emission from a relatively weak
concentration of F centers that one would expect
to the low-energy side of the F-center emission
band as is the case for the same defect emission
bands in CaO. "

For the model calculations, the zero-phonon
line was chosen to lie approximately half-way
between the absorption peak at 4. 94 eV and the
observed emission peak at 3. 08 eV. The effective
ground- and excited-state vibration frequencies
are assumed equal and taken from the temperature
dependence of the absorption half-width data of
Henderson et al.

The best-fit absorption model occurred with a
Huang-Rhys factor S"= 31, somewhat lower than
the value of 39 previously reported. All other
factors being equivalent in the model calculations,
a somewhat higher Huang-Rhys factor (S' = 35)
is required for the emission band because the
fourth-order term in energy tends to weigh the
emission peak towards higher energy.

Both the absorption and emission bands osten-
sibly remain the same from 80 K down to LHT;
the bands pictured in Fig. 5 may then be taken to
be that of the low-temperature limit. The absorp-
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tion band (corrected) half-width was 0. 566 eV.
The one-mode model half-width is 0. 53 eV, some-
what larger than the 0.477 eV reported earlier. ~~

The more nearly Gaussian character of the MgO
E-center absorption band, as contrasted with the
definite double-humped character of the identical
center in CaO, suggests a dominate coupling to R

local nondegenerate (I";) symmetric mode in the
former system. Furthermore, Henderson's
measurement of an effective ground-state vibra-
tional frequency k~= 260 +4 cm ' reflects a possi-
ble strong coupling of this local mode to a lattice
TAz, mode (see Table L)

3. Bz Center in LiF

a4
~ s

~ ~
~ ~ ~

in LiF at 4.2 K

absorption

e rflotlel ~ ~ ~ ~ ~ ~

a
O

0

O
CO

0

1 ~ ~ ~ ~ ~
h ~~ ~ Iv»

As an illustrative example of the generality of
the ideas developed in Sec. I, we compare the re-
sults predicted by the shape function to the low-
temperature absorption data for the Bz center in
LiF observed some years ago by Delbecq and
Pringsheim. 4 Figure 6 superimposes the one-
mode absorption shape function upon the observed
data. [The absorption data shown in Fig. 6 are
reproduced with the kind permission of one of the
authors (Delbecg) of Ref. 34. ] The "best-fit"
Huang-Rhys factor of 8= 4. 3 is to be compared
with that determined from the ratio (e ) of the
observed integrated intensity of the zero-phonon
line and the broad band (S= 3. 5), Neighboring
bands and base-line corrections may account for
the greater part of this discrepancy. We notice
tllRt but olle vibrational mode (AN1) is required to
account for the band shape. A priori, it appears
that, in spite of the geometric and electronic
complexity of the A3 center as compared to the
simplicity of the I' center, our one-mode shape
function can. describe the observed band. How-

ever, we wish to express caution here, as the
apparent good fit does not reflect an extensive
study of this defect center. Nevertheless, our
lnltlRl results Rre fRvorRble Rnd may )ustify further
work.

CONCLUSION

Photon energy (eV)

FIG. 6. Comparison of the normalized observed ab-
sorption (Ref. 24) and results of the one-mode model
(L =l) absorption shape function, Eqs. (l) and (8). Most
of the model parameters are determined from the observed
data; the zero-phonon line is found near 25 560 cm ~ and
the multiphonon peak spacing is an average 237 cm
hence set Eo+&I'(d~ to the former and Sco~ to the latter.
The reported zero-phonon line half-vridth is usually a
function of spectrometer resolution and sample purity;
however, 1A agrees with most observers (Befs. 10, 24,
25) yielding 0~~ = ll cm ~. Similarly by inspection 0~~~

=38 cm . The summation over n~ may be terminated at
n~ = 2 && (broad-band half-width)/@co~ = 12. Then the Huang-
Hhys factor'S~ is adjusted so as to make identical the
model and observed broad-band peaks; hence S~ = 4.3.

with the six nn ions to about the same extent with
a small additional coupling to the cubic breathing
(Fl) mode. Tllese 1'eslllts RI'8 collsistellt witll tile
findings of other workers.

To complete the alkaline-earth oxide series
low-temperature absorption (band peak near 3. I
eV) and emission (band peak near 3.4 eV) spectra,
were taken for the E center in (neutron-irradiated)
SrO. However, as there was no visible phonon
structure (S= 10) associated with either band, we
have not included the complete results here.

%'e have shown, then, that one may success-
fully Recount for the optlcRl emission Rnd Rbsorp-
tion band shapes of some defect centers in cubic
materials including the relative strengths of many
sharp-line (phonon-assisted) vibronic transitions.
More specifically our results show that for both
CRO and MgO host materials both the transverse
and longitudina], acoustic perfect, lattice Inodes
near the L band-edge point may couple the E-cen-
ter electron to the host lattice, and that for the
same defect center in CaO both local noncubic
(I';a and I';,) modes couple the trapped electron
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Temperature Dependence of F-Center Production and Aggregation in NaCl~
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The temperature dependence of the vacancy production rate and of the F-aggregate-center
equilibrium ratio has been measured for electron-irradiated NaC1. The onset of the dose-
rate dependence has also been observed. Temperatures obtained from these measurements
are compared with the thermal annealing temperature of self-trapped holes and with the tem-
perature at which F-aggregate centers form spontaneously in the dark. The maximum vac-
ancy production efficiency occurs near 210'K; the dose-rate dependence can be observed
above 175'K. These temperatures are significantly below 260 K at which aggregat;;n occurs.
Thus different processes appear to be rate controlling for radiation-defect production on
one hand and aggregation on the other. The results support the suggestion that electron-
hole recombination at non-defect-producing sites limits defect production at temperatures
at which holes are mobile. They also support the idea that aggregate-center formation in
the presence or absence of irradiation is determined by motion of F' centers.

INTRODUCTION

When KCl is irradiated in the vicinity of room
temperature, both the rate of defect production and

the F-center-F -aggregate-center equilibrium de-
pend upon trace impurities, ' irradiation temper-
ature, ' and dose rate. ' It is tempting to try to
find a common explanation for the room-tempera-
ture defect-production behavior and E-center aggre-
gation. The suggestion has been made that mobile
negative-ion vacancies (E' centersv) are involved

in defect annealing during irradiation; it also
appears probable that these mobile negative-ion

vacancies cause E-center aggregation. Recent
studies ' have shown that in a number of alkali
halides, F' centers become mobile in an experi-
mentally convenient temperature range, between
200 and 300 K. Thus the study of the temperature
dependence of F-center production and of E-center
aggregation appears a very attractive method of
testing the thesis that both the net E-center pro-
duction rate and the aggregation are determined by
F'- center mobility.

Several experiments have been performed, mainly
with KCl. Comins and Wedepohl'3 have reported that
the production rate for F centers increases with


