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The emission spectra of 02 ions dissolved in alkali-halide crystals consist of a series of
zero-phonon lines each accompanied by multiphonon sidebands. We present high-resolution
measurements of such emission spectra at 2 K in the alkali halides NaCl, KCl, KBr, KI,
RbCI, RbBr, and RbI. The zero-phonon lines are due to vibronic transitions within the 02
molecule, and the sidebands are produced by the interaction of even-parity lattice modes with
the allowed II~ II„ transition corresponding to the 02 emission. We show that most of the
sideband structure can be explained by coupling with Ai~ lattice modes perturbed by relatively
small changes in nearest-neighbor force constants. In two cases (KCl and RbCl) it is neces-
sary to add T2~ modes, or to consider changes in other force constants, to obtain better agree-
ment between calculated and observed sidebands. A residual spectrum at very low frequencies
cannot be explained by the above hypothesis; it is assigned to a second-order coupling to libra-
tions of the 02 ion. Some broad features in the emission spectra are interpreted in terms of
transitions to short-lived low-lying electronic states.

I. INTRODUCTION

The Op ion in solid solution in alkali-halide
crystals was first identified by paramagnetic-reso-
nance measurements. ' The yellow luminescence
associated with Op has been known for many
years; it was first identified as being due to 0~
by Rolfe et pl. 3

The luminescence is due to a ~II, -~H„electron-
ic transition, as was first shown by Zeller and
Kanzig by measurement of the polarized absorp-
tion caused by uniaxial stress, and confirmed by
Ikezawa and Rolfe~ by measurement of the effect
of uniaxial stress on the emission spectra. These
measurements show that the transition dipole of
the emission transition lies parallel to the molecu-
lar axis of 0, ; that the axis is parallel to (110)
directions in KCl, RbCl, RbBr, and RbI, but that
the axis is parallel to (111)directions in Nacl,
KBr, and KI.

The emission spectrum of O~ consists of a num-
ber of zero-phonon lines separated by approxi-
mately 1000 cm i. This frequency corresponds to
the separation of the vibrational energy levels of
the 02 ion in the ground state. The spectroscopic
constants of this emission transition, at 2 'K, vary
with the alkali-halide host lattice, the approximate
values being v~=27000 cm ', ~0" =1130 cm, and
(da"x0' = 9 cm . In this paper we will be entirely
concerned with the multiphonon sidebands that lie
on the low-energy side of the zero-phonon lines.

The most recent sideband spectra of O~ have
been published by Rebane and Saari" 7 for the
alkali halides NaCl, NaBr, KCl, KBr, KI, RbCl,
and RbBr. Our sideband spectra reveal more de-

tail, mainly because we have a higher signal-to-
noise ratio. Rebane and co-workers have also
measured the half-widths of some 02 zero-phonon
lines, and have calculated some coupling coeffi-
cients of the zero-phonon transitions with the lat-
tice. Our results are in very good agreement with
theirs.

II. APP. ARATUS

The same apparatus was used as described in
the earlier paper. 5 All of the spectra reported
here are unaffected by the resolving power of the
detection monochromator. This was proved by
measuring the spectra again with smaller band-
pass, when identical spectra resulted. All obser-
vations were taken at 1.96 K, calculated from the
equilibrium vapor pressure above the liquid heli-
um in which the specimens immersed.

Crystal specimens were cleaved from boules
grown in an oxygen atmosphere from melts con-
taining approximately 0. 5-wt% KO„potassium
superoxide. This method of preparation was found
to give the highest concentration of 0& in the crys-
tals.

III. RESULTS: GENERAL FEATURES OF EMISSION
SPECTRA

The emission of 03 in NaCl is plotted in Fig. 1
using a logarithmic scale of intensity so that strong
and weak components of the spectrum can both be
shown clearly. The zero-phonon lines of the ' 02
molecule are the most intense features present.
These are labeled with the quantum number p"
of the ground state of the 0~ ion; all the transi-
tions originate from the zr' = 0 level of the excited
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PIG. 1. Part of the emis-
sion spectrum of NaCl: 0&
plotted on a logarithmic pho-
tocurrent scale vs wave num-
ber. Upper numbers are the
vibrational quantum numbers
v" of the 02 molecule;
lines labeled 17 and 18 are
zero-phonon lines of the iso-
tropic molecules 0 60 and
17O 18P-
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state because of the very low temperature of the
crystal. The small zero-phonon lines labeled "17"
and "18"correspond to transitions of the isotopic
molecular species ' 0 0 and O' 0, with nat-
ural abundances 0.07 and 0. 4%, respectively.
Multiphonon sidebands of 02 are clearly visible
in Fi.g. 1, to the low-energy side of the zero-pho-
non lines. The zero-phonon lines of the isotopic
molecules are so small that their multiphonon side-
bands are unobservable.

The phonon sidebands in Fig. 1 change very lit-
tle in shape with quantum number p". This is gen-
erally true for the other alkali halides also the
only change with quantum number is a decrease of
the sideband intensity relative to the zero-phonon
line as the quantum number increases.

2In Figs. 2-'7, the 0-9 zero-phonon lines of 0
in six other alkali halides are shown, together with
surrounding details, on a logarithmic intensity
scale. Some features occur in these spectra which
were not present in the NaCl: O~ spectrum (Fig.
l). The largest extra feature appears in Fig. 2,
in KCl: 02 . A complete broad extra feature oc-
curs almost midway between adjacent zero-phonon
ines. It is almost certain that this is intrinsic to

the 02 emission spectrum in KCl, because we
found that the intensity of this extra feature rela-
tive to the zero-phonon line could not be changed
by adding extra impurities, by changing the 02
concentration, by changing the temperature or b, or y
application of uniaxial stress.

Broad features also occur in the rubidium ha-
lides, which, though of low intensity, can be seen
very clearly in the logarithmic spectra of Figs.
5-7. In RbCl: 02 the broad band is situated right

under the normal (zero-phonon plus multiphonon)

spectrum, in RbBr: 02 the peak of the broad band

is about 180 cm ~ on the high-energy side of the
zero-phonon line, and in RbI: 0, the peak is about
270 cm away from the zero-phonon line in the
same direction. Again it can be assumed that the
broad band is an intrinsic part of the 02 emission
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FIG. 2. Part of the emission spectrum of KCl: 02 with
II 9 1602 zero-phonon line and associated sidebands.
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sidebands that we are interested in here. In
KC1:0, the extra feature is well removed in fre-
quency from the main sideband region, and in KBr
and the rubidium halides the extra features have
negligible intensities in the main phonon sideband
region. In NaCl and KI no extra features appear.

In Sec. IV we will discuss the origin and the
frequency spectra of the main phonon sidebands.
After this has been done we will speculate on the
origin of the broad extra features described above.

IV. THEORY OF PHONON SIDEBANDS

A. General

Several mechanisms can give rise to phonon
sidebands of a high-frequency transition. It is
helpful to distinguish between sidebands of forbid-
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FIG. 3. Part of the emission spectrum of KBr:02
showing v" =9 ~60: extra zero-phonon line (marked 16K)
and 80 0" isotope zero-phonon line (marked 18).
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spectrum in the rubidium halides, because it
showed a complete insensitivity to changes in im-
purity concentration and external stresses.

Finally, in KRb:02 (Fig. 3) a small zero-pho-
non line, labeled 16K in the diagram appears at
about 130 cm ' to the high-energy side of the larger
zero-phonon line. This is called the "extra" zero-
phonon line, and we have shown' that the transition
dipole giving rise to this emission lies in a (100}
plane, in contrast to the {111)dipole of the ordi-
nary zero-phonon line. This extra line is intense
enough to have an observable multiphonon sideband
associated with it, whose frequency distribution is
certainly different from the multiphonon sideband
associated with the ordinary zero-phonon line.
However, most of the sideband is obscured by the
superimposition of the large ordinary zero-phonon
line and its associated sideband, so that the side-
band of the extra zero-phonon line cannot be ac-
curately measured.

Fortunately, the extra features discussed above
interfere very little with the main multiphonon
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FIG. 4. Part of the emission spectrum of KI:02 show-
ing the v "= 9 02 zero-phonon line, the two v" = 9 iso-
tppj. c '~0 0 and 0 0 zerp-phpnpn. Ijnes belongj. ng to
v "=9on the right-hand side, and an 0 60 zero-pho-
non line belonging to v "=10, on the left-hand side.
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den and allowed transitions. Forbidden transitions
can be made allowed by absorption or emission of
a phonon; a sideband is produced in this way and
in general it will reflect some odd-parity projec-
tion of the phonon density of states. The parent
zero-phonon line is either absent or very faint due
to weak magnetic-dipole or defect induced elec-
tric-dipole processes and multiphonon sidebands
are absent, The one-phonon sideband strength is
calculated by straightforward second-order per-
turbation theory. Allowed transitions, on the
other hand, such as the II„-II, fluorescence of 02
discussed here, often exhibit strong multiphonon
sidebands corresponding to even-parity phonons.
These sidebands arise from transitions between
harmonic oscillator states of the phonons with dis-
placed equilibrium positions. A characteristic of
this Frank-Condon or overlap mechanism is that
the relative intensities of all the multiphonon lines
of a given mode are given by the simple Poisson
distribution. A parallel formal development of the
two mechanisms is given by Bron. In this paper
we are only concerned with the second mechanism.

The sidebands due to the overlap mechanism are
usually discussed in terms of a "molecular" ap-
proximation where one assumes only a few modes
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FIG. 6. Part of the emission spectrum of HbBr: 02
showing the v" --9 02 zero-phonon line. No isotope
zero-phonon lines are visible.

interact with the transition. This restriction is
not necessary, however, and we will follow here a
slightly modified previous treatment~~ used in de-
scribing the sidebands of the H--ion local mode in
the alkali halides.

We start by expanding the adiabatic potential of
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FIG. 5. Part of the emission spectrum of RbCl: 02
showing the 602 zero-phonon line and the 0 0 zero-
phonon line both belonging to v "=9.
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FIG. 7. Part of the emission spectrum of HhI: 02
showing the v" =9 02 zero-phonon line. No isotope
zero-phonon lines are visible.
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the crystal in the Born-Oppenheimer approxima-
tion in coordinates Q& which transform according
to some row of an irreducible representation of the
symmetry group of the Hamiltonian centered on
the impurity ion. One of the Q, 's, for example, is
the totally symmetric breathing motion of the near-
est neighbors. It should be noted, however, that
the Q, are not the normal modes of the system;
each Q, is associated with a continuous spectrum
up to the highest frequency of the crystal. . Only
when by a suitably large change of force constants
one of the Q, becomes a local mode will it be an

eigenmode with a sharp frequency. The initial
state for the fluorescence process is the lowest
vibrational level of the excited electronic state and

we expand its adiabatic potential in Q&.

1 ~ 8
E, = Eo+2

'
Q(Qy+ ~ ~ ~,

where F0 is the zero-phonon-line energy and where
we have chosen the equilibrium position of Q, in

such a way as to make the term linear in Q, van-
ish. This term does not vanish in the ground state,
and we have

We are mainly interested in one-phonon sidebands
and it has been shown by 1Vlaradudin in a very
general way that the quadratic terms make no con-
tribution to the one-phonon spectrum. We there-
fore neglect changes of the second-order term and
assume it is the same in the excited and ground
states.

In order to make use of results applicable to
displaced harmonic-oscillator wave functions we
expand the Q, in terms of the true normal modes

q, of the crystal with the impurity:

(3)
l

where the q, obey a harmonic-oscillator Hamilto-
nian

1 2 1 2 2~~r+ 2 V~ ~

The ground-state energy after the transition but
before relaxation of the lattice to a new equilibrium
position, in terms of the Q, , is given by

(OE)=Z Z ' (Q, ~f)q, =Z —,
'

', q', , (4)

where qo, is the shift of the equlibrium position of
coordinate q, . This energy is a measure of the
strength of the coupling of the transition to the
mode q, and it is most conveniently discussed in
terms of the dimensionless parameter S, , defined
as

S( = (d (qo( /2@(d( ~
2 2

From (4) we find that the frequency distribution of
8, , defined as

s( ) = Z (
—

) qs, ))(a, — ),

is given by

S(/d) Z2 o
BQ

(Q(I l)5((d( (0 )

~(flQ, ), ' . (~)

We have expressed S((o) in such a way that it con-
tains the imaginary part of the Green's function of
the perturbed crystal,

lim G(J((0+ (e) +I ( Q( ~
I) ((()( (0 ft) ( I

~ Qg ) )
e 0

(s)
labeled by the irreducible representations of the
group of the crystal centered on the impurity.
This representation simplifies the calculation of
G in terms of Go, the Green's function of the per-
fect crystal. If I' is the matrix of force-constant
changes, brought about by the defect, we have

G = (.",[I/(I+ rG,)], (g)

where the matrix inversion is made easier by the
block-diagonal form of I'.'2 Further, since G does
not couple coordinates that belong to different ir-
reducible representations or different rows of the
same representation, the number of terms over j
and j in Eq. (7) will be reduced.

The phonon sideband can now be calculated.
The transition probability is proportional to an
electronic-dipole matrix element multiplied by an
overlap integral between the ground and excited
states of the vibrational wave functions for each
coordinate q, .'3 A single normal mode q, of the
perturbed crystal contributes a 5 function of
strength S, to the one-phonon sideband at a fre-
quency +, removed from the zero-phonon line.
The two-phonon amplitude is —,'$, and appears at
frequency 2&g, . The n-phonon sideband can be ob-
tained by calculating the n-fold convolution of the
one-phonon sideband and multiplying the result by
S"/n!, where

S= f S((())d(o

To simplify the discussion of the contribution of
the various Q, to the sideband we also introduce
a mode S,~(o)):

az, aEe
S(,(o))=s '

G(y((d) s
'

It will be seen that S=QS(&. In most of our calcu-
lations the off-diagonal elements of S&z are zero'4
and we refer to the diagonal element with a single
subscript, S, =—S«. The quantities eE, /sQ( act as
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coupling coefficients of the transition to the sym-
metry coordinate i. It is useful to think of them
as components of a vector, the gradient vector of
the ground-state adiabatic potential expressed in
terms of symmetry coordinates.

The unknown parameters in this problem are the
components of this gradient vector BQ /' BE, , the
elements of the force-constant-change matrix 1",

and the elements of Go (the Green's function of the
perfect lattice). We use shell models derived from
inelastic neutron scattering for Go but for 1" and

BE~/BQ, we have no accurate independent data. A

calculation of these quantities from first principles
is difficult so we will treat these quantities as ad-
justable parameters.

B. Model of O~ Defect

L Perturbation Natrix I'

.0

(b)

The matrix I' describes the changes in the force
constants caused by the defect and has the symme-
try of the crystal with the defect. In NaCl, KBr,
and KI the molecular axis of 02 points a,long (111)
directions in the excited state. ' If we further as-
sume that O~ is centered on the lattice site, the
point group of the defect is D3» the trigonal group.
Similarly, the O2 axis in KC1, RbCl, RbBr, and
HbI points along (110) directions and the point
group is D» or orthorhombic. We have assumed
in our development of the expressions for $ that
we can neglect changes in force constants of the
system between excited and ground states. In
terms of I' this implies that we are assuming a
common I' for the excited state and the (unrelaxed)
ground state. Figure 8 shows the force-constant
models we have examined in the two cases. In the
figure the various symbols joining the atomic posi-
tions refer to the force constants that have been
changed from their pure lattice values. In the
trigonal case the force-constant-change matrix I'
is

Af 0 0 An,

Qllllllllllllllll

V--- IIIIIIIIIII IIIII/

(c)

i OOOOi

6g
At)+ Atp6 tl (At=

FIG. 8. Location of the force-constant changes around
the 02 impurity. The key at the bottom of the figure
identifies the symbols used in force-constant-change
matrices I'. Model (a) was used for the trigonal 02" cen-
ters, model (b) for the orthorhombic centers, except in
KCl, and model (c) was used for 02 in KCl.

where the rows and columns are labeled by the Q&

that transform according to irreducible represen-
tations of the O„group. In the trigonal group (D,„)
these representations are all of A& symmetry. In
this matrix 4f is the nearest neighbor to impurity
force constant and ~t is a trigonally symmetric lin-
ear combination of first-neighbor to second-neighbor
force constants, which gives the restoring force
for the (I/M3) (T„+T„,+ T„,) T,, mode (Fig. 9) of
the nearest neighbors. These force-constant
changes are illustrated in Fig. 8(a).

In the orthorhombic case (Dz„), the I' matrix is

Sf+bi &f-Al 0 Au
1I'= — hf -&I dif+ Ef 0 E~

0 26 I; T2

There are two generally different force constants
nf and b, f that connect the defect to its nearest
neighbors. We have again made use of a force
constant ~g that acts as a restoring force on the
Tz vibration that transforms as A&, in D» I Fig.
9(b)]. These force-constant changes are shown in
Fig. 8(b). In KCl we have also made use of a more
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complex I" matrix incorporating the first-neighbor
to fourth-neighbor force-constant change 4g to ac-
count for relaxation'5 [see Fig. 8(c)].

As mentioned earlier, the "extra line" in KBx
arises from O2 molecules which are probably ori-
ented along (100), implying a distortion of D4 sym-
metry. ' Such distortions would be described by a
matrix similar to the orthorhombic I' matrix, but
without the Ta mode.

It is clear that the force-constant models we have
chosen are simplifications. We have treated the
02 molecule as a point mass connected by arbitra-
ry radial force constants to the nearest neighbors.
The tangential force constants, second-neighbox'
force constants, and the Coulomb forces are all
assumed to be the same as those of the correspond-
ing ion in the unperturbed lattice. We can justify
this simplification as follows. First, the tangen-
tial, second-neighbor, and Coulomb force con-
stants in the host crystal are roughly an order of
magnitude smaller than the radial repulsive force
constants. l6 Second, our results will show that
the changes in the important neaxest-neighbor force
constants themselves are relatively small in most
cases and support a view of the Oa as a mildly
perturbing defect in most of the alkali halides.
The neglect of the internal structure of Oa, the
stretching and libration degrees of freedom, can
also be justified. The internal stretching mode
has such a high frequency that it is effectively de-
coupled from the lattice. The librations of the O2
are not totally symmetric and do not affect the
even-symmetry modes under study. This does not
mean that they cannot couple in second order to
produce a sideband, andto calculate the spectrum
of these modes we must use models for I' that take
into account the nonxadial coupling of the neigh-
bors to the defect.

2. Nodes ofNearest Neighbors that Interact with Trunsition

The Il„-0 transition is an allowed transition
polarized along the direction of the O~ molecular
axis. According to the selection rules first enun-
ciated by Herzberg and Teller, '~ modes that inter-
act with an allowed transition are those that are
totally symmetric in the lower symmetry state of
the two states II„and II, of the molecule. Since
the final relaxed ground state is always of Da„sym-
metry we should include all tota11y symmetric
modes in D2I, of the neRx'est neighbors fol both
(110)-oriented centers as well as the (Ill ) cen-
ters. The nearest-neighbor modes of even symme-
try that develop into Ag modes of D2„are the A.I„
E, and Tz modes of the O„group. Thus if we
assume that the system relaxes towards a config-
uration that has inversion symmetry and is at least
orthorhombic we need only consider Al, E, and

T3, modes of the nearest neighbors. Figure 9

&Q
Q ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~

g
0

FIGe Be Classlflcatlon of neal est-ne1ghbor vibrational
modes of (a) trigonal 02 iona, and (b) orthorhombic 02
10ns e

shows the displacements of the nearest neighbors
for the modes we have examined.

8$
ir =in 2u(I, )

~

where Io is the zero-phonon line strength. We sug-
gest that some of the low-frequency structure that
cannot be explained in terms of the nearest-neigh-
bor motions may be due to librational coupling by
this mechanism.

V. CALCULATION OF SIDEBAND SPECTRA

The details of the calculation of sideband spec-
tra have been given in previous publications lo ls

We used the Cochran-Cowley shell model with
parameters determined from inelastic-neutron-

3. Librations of O~

There are only three Al modes in Da„of the
nearest neighbox's. Other modes that are relevant
are the stretching of Oa which couples strongly to
the transition and has been discussed previously. ~

We would also like to consider nontotally symmet-
ric motions which can couple to the transition in
second order. Of these, librations of Oz about its
molecular Rxls would be pRx'tlculRx'ly important
because of the large amplitude of librational mo-
tion occurring in a region of low-phonon density of
states. One mechanism for librational coupling is
thxough the second-order terms in vibrational
overlap in Egs. (1) and (2). If the librational fre-
quency is markedly different in ground and excited
states, the sideband contribution from this process
can be quite large. Kiel'9 has calculated an equiv-
alent 9 for this process, and he finds

(4&e Ale)l((d +(Bee) y

where ~, and (d, are ground- and excited-state
frequencies. In terms of this quantity the /th li-
bration sideband has a strength
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scattering experiments, using the sources quoted
in Table I. We calculated a set of 1686 indepen-
dent wave vectors in the Brillouin zone for the pho-
nons, sorting the contributions into frequency in-
tervals 0. 5 cm ~ wide, except for NaCl where 1.0
cm intervals were used.

These calculated one-phonon sidebands were
then successively convoluted to produce two-,
three-, and four-phonon sidebands, which were
then added together in the proportions required by
the value of the coupling constant S. Contributions
from the five-phonon and higher sidebands were
completely negligible for the small values of the
coupling constant used here.

The calculated multiphonon sidebands may con-
tain detail finer than what can be observed experi-
mentally; so the multiphonon sideband was convoluted
once again, this time with a broadening function,
arbitrarily chosen as triangular, whose half-width
could be varied. The parameters used in the best
fits between theory and experiment are listed in
Table I.

In carrying out our adjustment of the parameters
of the models we tried at all times to keep the
number of parameters small. Thus if the intro-
duction of a new parameter resulted in only a
slight improvement of the calculated spectrum, it
was discarded. In general we had available to us
up to three force-constant changes and three cou-
pling constants for different modes. In most
cases, however, we were able to obtain a good fit
with experiment by using only one force-constant
change and one coupling constant. The method of

adjusting the parameters was as follows: First,
the unperturbed eigenmodes were used to calcu-
late the frequency spectra of the A@ nearest-neigh-
bor motions, and then the nearest-neighbor radial
force-constant changes nf were allowed to vary,
with Af = n, l for the orthorhombic case. Quite
good agreement between theory and experiment
was obtained by making this single adjustment for
NaCl, KBr, KI, RbBr, and RbI, as shown in Ta-
ble I. It should be noted that in all calculations
for orthorhombic centers the effectof orthorhombic
distortion was examined by varying ~l indepen-
dently of rf. However, the spectra proved rela-
tively insensitive to changes of ~l, so that ortho-
rhombic distortion was not used in the final best
fits to experiment.

For the two remaining alkali halides, KC1 and
RbCl, it was found necessary to adjust more than
one parameter. In both of these it was necessary
to add unperturbed (At=0) T,, modes to the A,,
modes to attain better agreement with experiment
in the low-frequency region, and in the case of
KC1 it was necessary to change the first- to fourth-
neighbor force constant by an amount hg.

The T2, modes are concentrated in the low-fre-
quency part of the spectrum, and we found that
large changes in force constant b, t were required
to cause an appreciable shift of the low-frequency
modes. If any of the low-frequency peaks that we
assign to librations are to be ascribed to an ad-
mixture of T~, modes to the basic Az~ spectrum,
then the force-constant changes ~g which would be
necessary are much larger than the changes nf.

TABLE I. Parameters used in calculating sidebands, and some experimental data.

Crystal Symmetry

NaCl D3h

Phonon-data
reference hf (dyn cm ) ~ (dyn cm )

1000

Sz

Broadening
width
(cm ')

Experimental
data v"=9

FWHM
(cm-') S

5.0

KCl

RbCl

RbI

D2It

D3

D2a

D2„

2000

—5500

—8000

—4000

—2000

4000
0.75
0.97

1.0
0.9
1.5
0.78

1.2

0.65
0.43

0
0.73

3.5

2.5

2.2d

1.0

7.0

5.0

0.5
0.4

G. Raunio and S. Rolandson, Phys. Rev. 8 2, 2098
(1970), model 3.

'Reference a, model 2.
'Reference 16, model VI.
v —" 12m

'G. Dolling, R. A. Cowley, C. Schittenhelm, and I. M.

Thorson, Phys. Rev. 147, 577 (1966), model III.
Reference a, model 2.
S. Rolandson and G. Raunio, J. Phys. C 4, 958 (1971),

model II.
"G. Raunio and S. Rolandson, Phys. Status Solidi 40,

749 (1970), model 2.
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Figure 10 shows the experimental curve for the
fluorescence sideband of the 0-9 emission line at
2'K along with a calculated curve using S~&=1.3
and hf = 1000 dyn cm ~. The force constant f itself
in NaCl is 25700 dyncm-~. The small nf was ob-
tained by adjusting for a flat-top peak between 200
and 240 cm '. It will be seen that the structure
above 120 cm is- quite well explained by nearest-
neighbor breathing modes, but the strongest fea-
tures of the spectrum, the peaks at 60 and 28 cm
along with a two-phonon contribution at 120 cm,
are not present in our model. Our conclusion is
that in this case the coupling to the libration is
very strong. If the librational-frequency change
is large, the coupling to the libration is stronger
and presumably in the small Cl cavity the O~ ro-

I i I l I i I I I

IOO 200
Frequency (cm )

I I I

300

FIG. 10. Experimental and calculated sidebands of
02 in NaCl. The two largest low-frequency peaks are
attributed to librations. In this and succeeding diagrams
the solid line is the experimental spectrum.

Such a model is unreasonable on physical grounds
since any relaxation around O~ would be certain to
cause a much larger change nf than n. t. 'Further-
more, when such large changes in force constant
are made the peaks moved to low frequencies and de-
veloped into strong resonances, which contain nearly
all the intensity of the spectrum. We are there-
fore led to conclude that the low-frequency peaks
do not correspond to any of the motions of the six
nearest neighbors of the 02 ion illustrated in Fig.
9. We will assume that peaks left unexplained by
the nearest-neighbor model arise from librations
of 0, about its equilibrium position and we will
ignore these peaks in our fitting procedures which
only involve nearest neighbors and radial force
constants. Thus we have left ~/= 0. The libra-
tional part of the emission spectra of 0& will be
considered in detail in a later publication.

VI. COMPARISON OF CALCULATED AND OBSERVED
SPECTRA

A. NaC1

tation is considerably hindered and, what is more
important, changes strongly between excited and

ground states.

B. KC1

Potassium chloride, shown in Fig. 11, is the
spectrum most difficult to fit. The best combina-
tion of parameters we have been able to find is
shown as the dashed curve on the figure. It uses
modest increases of nf and Ag along with an ad-
mixture of unperturbed T2 modes. The fit is not
too satisfactory, in particular, the peak at 120
cm is too weak. Nearly all our models for KCl
have this in common and it is at least partly ex-
plained by the two-phonon contribution of the 60-
cm ~ structure which is also poorly represented
by our models. The dotted curve uses a larger
contribution of T~, and raises the 60-cm region
slightly, but again we would prefer to assign the
intensity here to libration in analogy with the other
more unambiguous cases.

An independent test of the force-constant model
for KCl: 0& is obtained from recent impurity-in-
duced far-infrared absorption measurements. ~o A

reasonable fit to those experimental results is ob-
tained by setting 6f= —1000 dyn cm ~ and bg
= —500 dyn cm ~ in contrast to the values 4f= 2000
dyncm ~ and kg=4000 dyncm, necessary here.
The discrepancy between these models is larger
than found in other systems and is an indication
that the KCl model is unsatisfactory.

C. KBr

The larger space available for 02 in the KBr
lattice leads one to expect a greater reduction of
nearest-neighbor force constants, and we obtain
quite good agreement with experiment (see Fig.
12) with Sg& =1.0 and nf= —5500 dyncm, in
good agreement with the parameters necessary to
explain far-infrared absorption in KBr:0~ .'~ The
slight discrepancy in the position of the "step" at
70 cm and the peak at 83 cm is well understood
from a study of other defects in KBr ~ ~~; it arises
from an inaccuracy in the shell model for the pho-
nons.

The zero-phonon line in KBr02 is anomalous.
It is very broad at low quantum numbers (12 cm ~

at v" = 5) and rapidly narrows as the quantum num-
ber increases, reaching a width of 2 cm ~ at v"
=12. This fact was first noted by Rabane and
Saar. ~ The most intense sideband is at v" =9,
but the zero-phonon linewidth is 4.4 cm ~, so the
less intense sideband at v" = 12 was chosen for
comparison with calculation because greater de-
tail in the experimental sideband was judged more
important than the increased noise. The broad
zero-phonon line in KPr might imply some free
rotorlike motions of the ion. Note the absence of
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FIG. 11. Experimental and calculated sidebands of 02
in KCl, with varying amounts of coupling to T2g modes.

strong unexplained peaks at low frequencies at-
tributable to librations. However, at higher quan-
tum numbers than v" =12 there are some sharp
peaks at very low frequencies, for instance, a weak
peak at 13 cm-~.

The KBr sideband can be used to find the maxi-
mum possible contributions of F., modes to the
sideband, because of a large E, singularity at 106
cm, which does not appear in the experimental
sideband. We can set an upper limit of S~ =0.2

by this method.

In KI: O~ we have the smallest coupling coeffi-
cient and the narrowest zero-phonon line, so that
we have a large amount of detail present in the
multiphonon sideband. Again a good fit to the ex-
perimental spectrum (see Fig. 13) can be obtained
with the use of Az modes only and a change in the
single force constant nf = —8000 dyn cm ~. This
change is even larger than for KBr, in keeping

I I I I I

0 IOO

Frequency (cm )

200

FIG. 13. Experimental and calculated sidebands of
02 in KI. Note the good agreement obtained with only
one adjustable parameter.

with the larger lattice site available for the O~ .
The force-constant change was fixed by the posi-
tion and relative intensity of the two peaks in the
105-cm region. Note the good agreement with
the acoustical branch with this single parameter.

The two quite distinct sharp lines which appear
at low frequencies, at 9 and 13 cm ~, might be at-
tributable to librations. There are some other un-
explained small peaks in the system; a gap mode
at 87 cm ~, and two other peaks at 161 and 179
cm . The 64-cm ~ acoustic-branch peak is too
weak in the calculated spectrum, and also its two-
phonon contribution at 116 cm is underestimated.
Note that the frequency of the peak is very accu-
rately predicted, the experimental two-phonon
peak being observed at 116 cm ' and the calculated
peak at 115 cm ~. This peak arises from a singu-
larity in the phonon density of states and is not
affected by force-constant changes.

E. RbC1

C
tP+

H

K BI'0,
Experimental

l2 T= 2OK

Calculated

& = -5500dyn/cm

SA, = I.O

The sideband of RbCl (Fig. 14) is best fitted by
a zero force-constant change. The solid line shows
the calculated sideband using Aq modes only, but,
as in the case of KCl, some improvement can be
gained by introducing T2g modes, when the inten-
sity in the acoustic region is increased in agree-
ment with experiment (see dotted line in Fig. 14),
and also the intensity in the two-phonon region at
120 cm ~ is increased. The two peaks at 23 and
55 cm cannot be fitted with Tag modes and we
would like to assign these to librations.

(

0 IOO 200 300
Frequency (cm ')

FIG. 12. Experimental and calculated sidebands of
02 in KBr. The coupling to librations is very weak in
KBr.

F. RbBr

Figure 15 shows the 0-9 emission sideband of
RbBr. Two strong lines attributable to librations
can be seen at 18 and 43 cm ~. The rest of the
spectrum is reasonably well reproduced by A&
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FIG. 14. Experimental and calculated sidebands of
02 in RbCI. Note that a zero force-constant change is
used in the calculation, thus 0& in RbCl acts as an iso-
topic impurity.

motions of nearest neighbors with a nf of —4000
dyncm ~.

G. RbI

The RbI spectrum, shown in Fig. 16, is very
similar to KBr, and again a modest change of force
constant suffices to explain the spectrum with A.z~

modes alone. We would again like to associate the
peaks at 10 and 30 cm ' with librations.

VIII. DISCUSSION

A. Broadening Functions and Coupling Constants

In calculating the sidebands that fitted the ex-
perimental data best, the broadening width and the
coupling constant were regarded as freely adjust-
able parameters. In some cases the broadening
width was found to be fairly well defined by the fit-
ting procedures, for example, in Rbl: 02 (Fig.
16} it was adjusted to get the correct width of the
main peak at V5 cm, and in KBr: Oz (Fig. 12) it
was adjusted so that the subsidiary peak at 114
cm ' was resolved to the same extent as in the ex-
perimental sideband. In other cases, such as
KCl: 02 and NaCl: 02, the precision with which
the broadening width could be fixed was not nearly

FIG. 15. Experimental and calculated sidebands of O~
in RbBr.

so good. The coupling coefficient was adjusted to
about the same degree of precision in all cases;
the criterion was that the correct intensity be ob-
tained in the two-phonon region.

These best-fit values of broadening width and
coupling constant can be compared to values found

by other methods. In the case of the broadening
width, one would expect on the basis of the simple
theory used that it would be equal to the measured
half-width of the zero-phonon lines. The results
of our measurement of the half-widths are collected
together in Table II, and selected values from this
table have been quoted in Table I. While it is true
that the best-fit values of broadening width follow
the same trend as the measured half-width, the
best-fit values are always larger. The difference
is greater than could be accounted for by the use of
a triangular broadening function rather than a
Gaussian or Lorentzian, and probably indicates
that too simple a theory was used in the fitting
procedure.

Similarly, there is an independent method of
finding the coupling constant, from integrated in-
tensities over the zero-phonon and multiphonon
emission spectra. We first note that the change in
the cube of the frequency over the 300-cm ' range
of the sidebands is only about 5% of the zero-pho-
non-line frequency. Within this error, therefore,

TABLE II. Full width at half-maximum of zero-phonon lines of 02 at 2 'K, in cm

NaCI
Kcl
KBr
KI
RbC1
RbBr
RbI

15.6 14.2
3.8

13.1

6.2
5.0

3.7
3.4

10.5

6.1
4.6

4.2
8.4
8.3

5.8

4 4
3.0
6.6
1.12
6.8
5.7
4.3

5.0
2.5

1.00
7.0
5.0
3.9

10

4.9
2.3
3.9
1.05
7.5
5.0
3.6

5.0
2.2
3.1
1.02

4.8
3.7

12

2.1
2.2
1.06

4.6
3.3

13

2.0
1.9 1.8
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FIG. 16. Experimental and calculated sidebands of Oq

in RbI.

the transition probability is proportional to the
measured optical intensity, and thus the integrated
emission intensity over the zero-phonon line is a
fraction e ~ of the integrated intensity over the
zero-phonon and multiphonon spectrum. 3 Values
of 8 calculated by this method are collected in Ta-
ble III and selected values from this table appear
in Table I. These two 5 values in Table I are both
only half the best-fit values, another indication
that the fitting procedure is oversimplified.

TABLE III. Coupling coefficients, determined by
integration of emission intensities, 2 K.

~ll 4 6 7 8 9 10 11 12

KBr:02 1.16 l.01 0.94 0.80 0.72 0.72 0.66 0.60 0.55

KI:02" 0.88 0.67 0.52 0.47 0.42 0.38 0.29 '' ~

B. Broad Features in Emission Spectra

In this section we will speculate on the origin of
the broad features present in the emission spec-
tra of 0& in KCl and the three rubidium halides.
We are not referring to the low-frequency peaks
which we have attributed to librational motion of
Q2, nor to the extra" line in KBr:02, which is
due to 0& with different symmetry. By this defi-
nition, then, we notice that no broad features are
present in the three alkali halides where Q& has
trigonal symmetry, NaCl, KBr, and KI.

We propose that these broad features are due to
transitions to a ground-state level with a very
short lifetime. In KCl this lifetime is not so short
as in the rubidium halides, so that a zero-phonon
line can still be seen (Fig. 2) together with a mul-
tiphonon sideband with much reduced detail. Such
a spectrum can be produced by convoluting the
main spectrum with a broadening function about 20
cm wide. In the rubidium halides the lifetime is
shorter, and the consequent greater broadening
causes the zero-phonon line to disappear into the

TABLE IV. Calculated shift of the broad features in
the O~ emission, compared with experimental values, in
cm

Crystal

KC1
RbCl
RbBr
RbI

x/&'

0.231
0.135
0.169
0.190

650
1100
890
790

~II ~5
8

450
0

210
310

Observed
shift

460
0

230
320

From Ref. 4.
"~,"value approximately 1100 cm, see Ref. 5.

noise and all details to be erased from the multi-
phonon sideband. We can measure the frequency
displacement of the broad feature from the ordi-
nary emission at a given quantum number v" by
measurement of the broad (multiphonon) maximum
relative to the peak of the normal multiphonon
sideband. For example, in RbCl (Fig. 5) this dis-
placement is approximately zero, since the peak
of the broad features is hidden under the normal
spectrum, whereas in the RbBr (Fig. 5), the dis-
placement is approximately 230 cm 1. In this
manner the four frequency differences shown in
Table IV were measured.

We further speculate that the short-lifetime
state is one of the II levels of 02 split by the
D» crystal field. The ground-state splitting ~ can
be calculated from values of X/4 obtained from
electron-spin-resonance experiments if the
spin-orbit coupling constant is known; in the fol-
lowing calculations we used the value A. =150 cm '
appropriate to atomic oxygen. If the emission
transition is from a single excited-state level, and
transitions are allowed from this level to both the
split ground states, then the broad features could
be due to transitions to a transitory upper split
level in the ground state. To a first approximation
the frequency displacement from the normal spec-
trum will be ~,"—6, if ~ is never greater than

The calculations in Table IV show that this
expectation is in good agreement with experiment.
There are no broad features in the trigonal eases
NaCl, KBr, and KI.
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It is well known that scattering leads to dispersion. The two constitute, respectively, the imaginary

and the real parts of the index of refraction, which are connected by Kramers-Kronig relations. The
effects of scattering-induced dispersion on the thermal conductivity have been ignored heretofore. It is

shown that for strongly interacting and/or highly concentrated systems the additional dispersion will

make a significant difference to the calculated thermal conductivity. The conductivity including

dispersion has been calculated and compared with experimental results for solid 'He-'He mixtures, and

for the KC1:CN system. In order to conform to the dispersion relations for the latter, it was

necessary to use a model for which the scattering cross section varied as the phonon frequency to the
fourth power, in the low-frequency limit. For a multilevel system the scattering cross section must

depend on the occupation of the levels. This leads to a temperature dependence of the cross section.
Expressions for the cross section appropriate to multilevel systems were derived, and employed in

calculating the thermal conductivity of KC1:CN . These expressions are similar to those obtained by
numerous investigators for spin systems.

INTRODUCTION

In treating the interaction between long-wave-
length phonons and defects, attention has been
focussed entirely (except for paramagnetic ions)
on the effect on the phonon lifetime. Heretofore,
most experimental data bearing on these interac-

tions came from thermal-conductivity measure-
ments. The analysis of the data is usually per-
formed using a relaxation time for the phonons to
provide the resistance to heat flow in a crystal
which is assumed to be an isotropic Debye solid.
This, of course, is the simplest model that can be
used and, bearing in mind certain uncertainties


