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High-resolution measurements at the E-center in-gap mode in KI and KBr have revealed a
threefoM structure in the absorption spectrum with lines at 82. 62 +0.02, 81.98+0.02, 81.19
+ 0. 05 cm ~ and at 99.60 + 0. 03, 99.07+ 0. 04, 98.50+ 0.05 cm, respectively. This structure
is interpreted as due to the presence of two stable isotopes, K39 and K4~, in the crystal. In a
three-dimensional-model calculation which uses as parameters changes in the force constants
between the defect and the first nearest neighbors +01) and changes in the force constant be-
tween the first and fourth nearest neighbors (A14), we found that the in-gap mode frequencies
are extremely sensitive to the value of the latter. The position and splitting in the absorption
lines can be explained in the calculation by using A01 = —0. 50, A14 = —0.060 for KI and A01
= —0. 50, A14=+0. 002 for KBr. Stress experiments on the strongest lines in KI are in agree-
ment with our model. Extending the calculation to Cl and Br centers in KI, it is shown that
the measured isotope splitting for Cl 5, C].3~ and Brve, Br ~ centers can be explained by taking
into account not only changes in A01 but also changes in A14.

I. INTRODUCTION

The far-infrared absorption spectra associated
with very light substitutional defects in alkali ha-
lides like H, D ions (U centers) and E, E' centers
were recently reported. ' These vacancy-type
centers give rise to resonance absorption in the
upper acoustic band for H, , D,, and F' centers and
to gap-mode absorption in the region between the
optic and acoustic phonon branches for the F cen-
ter, respectively. The different absorption fre-
quencies of these defects are mainly an effect of
local force-constant changes. The amount by which
the perturbed force constants differ from the un-
perturbed value can be obtained by fitting the ex-
perimental results to model calculations in three
dimensions. Calculations of the infrared-active
modes in perturbed lattices on the basis of "realis-
tic models" for the lattice dynamics are given,
(..g. , by Klein, Page and Strauch, Benedek and
Nardelli, and some others. Recently, Benedek and
Mulazzi calculated the F-center gap-mode absorp-
tion based on one of Hardy's deformation dipole
models.

The measurements and calculations reported in
this paper should provide further clarification of
the dependence of the optical response of perturbed
lattice vibrations on mass and force-constant
changes. As a "model case, "we have chosen the
E center for the following reasons: (a,) Some lat-
tice dynamical. properties of the F center are al-
ready known. They could be studied indirectly
through the electronic transition because of the elec-
tron-phonon interaction. 8 ' (b) The vibrational
absorption associated with F centers in KBr and
KI is in the phonon gap. Therefore, the corre-
sponding absorption lines are sharp, and small per-
turbations of the surrounding lattice can be mea-
sured.

After a short description of the experimental ap-
paratus (Sec. II), wepresentin Sec. III the experi-
mental results. High-resolution measurements at
the F-center in-gap mode in KI near 83 cm ' have
revealed a threefold structure of the absorption
shape. Quite similar lines occur in KBr (Sec.III A).
Stress experiments at the strongest lines in KI,
those at 82. 62 and 81.98 cm", are reported in Sec.
IIIB.
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In Sec. IV a short discussion of the theoretical
baelq, round and the assumptions entering the numer-
ical calculations is given. In these analyses we
make use of the breathing shell model for alkali ha-
lides as described by Sehroder. " As a test of the
model and the macroscopic parameters used in the
calculation, we compare the neutron scattering data
(T = 95 'K) for the dispersion curves of KI as given
by Dolling et gl. '1 (see Appendix).

The numerical results of our calculation for the
E center are reported and discussed in Sec. V. The
observation of three absorption lines in the gap re-
gion of KI and KBr w'ith E centers is interpreted by
the presence of two stable potassium isotopes K
and K ' in the crystal. The single lines can be at-
tributed to defect-center configurations, in which
zero, one, or two of the six nearest neighbors of
the E center are replaced by the heavier isotope.
From this assumption an estimate of the force-
constant changes around the center ean be made
(Sec. VA).

A qualitative discussion of the stress experi-
ments is in agreement with the above interpretation
of the triple absorption structure. Furthermore,
an estimate of the anharmonic coupling coefficients
is given (Sec. VB).

In Sec. VI, we compare the force-constant changes
around the E center obtained in Sec. VA with the
corresponding values reported in Ref. 8. Finally,
as a test of the logic of Sec. IV, we apply our mod-
el calculation to Cl and Br centers in KI, and

compare the results with those obtained in Ref. 13.
II. EXPERIMENTAL

A. Spectrometer

The measurements have been carried out par-
tially with a commercial Fourier spectrometer
(RIIC) using a Golay cell and partially with a home-
made system which uses a He -cooled bolometer14

detector. " The latter spectrometer consists of an

aperiodic 2-in. Michelson interferometer, which
was built in a nonrectangular fashion as described
by Genzel. The optical part of the RIIC instru-
lllelli (FS V20)~ is all apel'lodle 2-111. Miellelsoll in-
terferometer also, but with the primary rectangular
arrangement. The resolution with an RIIC instru-
ment was originally determined by the storage ca-
pacity of the Fourier-transform computer unit
FTC 100. It was increased by punching the digitized
detector signal, the interferogram I(y) of the trans-
mitted speeil'al dlstrlbut1on S (v)

f(y) = f S(v) cos2vvydv'+f(0) (2. I)

in the region O=y» I., on tape. Because the FS
720 interferometer cannot be symmetrized to the
position y= 0, it was necessary to determine later
the value f(0) and the phase error « from the
punched interferogram. A parabolic fit for deter-
IQlnlng the white-light posltlon led to satl8faetory

spectra; for that purpose I (y) was punched in the
whole y region with a sampling I1'= —,

'
I1 or I1'= —,'I1 (I1

= I/2v„, v„=cutoff frequency, which was produced
in the following measurements by 2-mm wedged
crystalline quartz and the intrinsic absorption of
the crystal itself}. Then in I (y) the largest and
second-largest value served for a parabolic fit.
The ordinate of the parabola was used as the cor-
rected position I (0), the transformation was then
done according to

S(v„)=2Z A(ni+«) [f(nI + «) ——,'I(0)]

x cos[2mv(nI1+ «}] (2. 2)

K+1 equals the total number of values which were
used for the transformation. I (nh) is the intensity
at y =nb. Usually a triangular apodization 2 (nh)
= (1 —n/N) was used. Because in the following mea-
surements we were only interested in a very small
frequency region, in all eases expression (2. 2) was
calculated by the "direct sum" algorithm. In this
manner the transformation (2. 2) for a frequency
range of 5 cm"' using 1800 points, required about
90 sec on an IBM 360/60 computer.

With the RIIC instrument, for a resolution of
I/Ah= 0. 15 cm ' in the apodized spectrum a signal
to noise S/N= 6 was obtained. This resolution was
verified by the mater-vapor doublet at 55 cm '
(0. 29-cm ' separation) and at the Cl in-gap mode
in KI near VV em (isotope splitting 0. 31 cm ' with
Cl" and Cl", respectively).

The homemade instrument could be symmetrized
to the position y= 0. The bolometer signal at points
y=nA, was digitized and punched on cards. The
transformation was done according to (2. 2) with
& =0. With a resolution of 0. 1 cm ' we obtained a
s/x= 5o.

In both cases, with the RIIC and the homemade
instrument, the agreement in the main absorption
frequencies of the E-center doublet wa. s better than
+0.05 cm

B. Crystals, Center Production

KBr and KI single crystals were grown by the
Kyroupolos method in an argon atmosphere. E cen-
ters were usually produced by X irradiation of crys-
tals containing U centers; however, quenched ad-
ditively colored crystals as well as "pure" x-ir-
radiated crystals were also used. The main fea-
tures of the spectra were in all eases the same.

The SaIQples used ln the str688 experlIQents were
doped with 0. I-mole% CaI3.

III. EXPERIMENTAL RESULTS

A. High-Resolution Spectra

Figure 1 shows the in-gap-mode absorption of
E centers in KI with an instrumental resolution of
0. 1 cm '. The spectrum was obtained by comparing
the transmission of "doped" and "undoped" samples.
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This is, within the error of our analysis, the
same as for the case of KI. As outlined in Sec. VA,
the frequencies and relative intensities of the single
peaks of the Jl in-gap-mode absorption in KI and
KBr can be explained by the presence of two
isotopes in the crystal, K and K ', which are in a
natural ratio K:K ' = 93:7. This interpretation
could be tested experimentally by using isotopically
pure crystal materials, but the cost of such an ex-
periment would be prohibitive. oE

0.2—

O. t

P LI001

vo = 8I.98cm
0

0&o+

0

II P

EJ P

B. Uniaxial Stress Experiments

A formulation of the theory of infrared absorption
of crystal lattices with point defects is reviewed
by several authors (see, e. g. , Klein, Benedek
and Nardelli ).
The linear absorption coefficient is given by

n„„((o)= 4v ((o/c) Im )t„, ((u) . (4. 1)

In the notation used in Refs. 5 and 7, the suscepti-
bility is written as

)t= (&& /v "o)x»m [%To I (Go +p~o &Go) I %To]

= (NZ'/P co)xlim([(oT'o —((u+io)]'
I «+0

+~(~,ol2'leTo)] ', (4. 2)

with T = V(I+GoV) '. N is the total number of cells,
vo is the volume of a cell, Z is the ionic charge,
and p, is the reduced mass:

p, =m,m /(m, +m ) . (4. 3)

Stress experiments have been carried out at the
strongest lines of the E-center in-gap mode in KI,
those at A = 82. 62 cm ' and I3= 81.98 cm '. The
relative frequency shift in the lines, hv= v —vo, as
a function of pressure is shown in Fig. 3 for E II

P ~~ [100] and E II [001], P II [100]. E is the electric
vector of the incident light and P is the uniaxial
stress. As can be seen in Fig. 3, each line of the
doublet splits into two components which shift
linearly with applied stress but by different
amounts. We obtained the following:
(a) for the A=82. 62-cm ' line,

glP: av, (A)/P=(0. 11+0.03)x10' cm '/kg,
EJP: 6vo .(A)/P = (0+ 0. .04)x 10 cm '/kg

(b) for the B=81.98-cm ' line,

EI(P: 4v& (B)IP=(0.15+0.02)x10 o cm '/kg,
ElP: 4 (vBo)/P = (-0.01+0.03)x 10 o cm '/kg

Within the accuracy of our measurements in these
experiments no change in the band shape as well as
the integral absorption (+ 30%%uo) was observed.

IV. THEORETICAL MODELS

g) 0.2

Lt

O. l-

P LI003

u = 82.62cm
E IIP

0
0

I I I

50 F00 l50
Uniaxial Stress P I:kq/cm 1

EJ P

FIG. 3. Frequency shift &v = v -vp of the lines &
(vp=82. 62 cm ) and B (vp=81. 98 cm ) of the E-center
in-gap mode in KI (5'K) with uniaxial stress.

cr„=a(l, j; s, r), (4. 4)

where s is the shell number, starting with s =0 for
the defect itself, I" gives the irreducible represen-
tation of H, x the index of multiplicity of I' in the
shell s, and j is the index of degeneracy, which

60 is the Green's function matrix, and V the defect
matrix, and P is the probability of finding one de-
fect center in one cell. In KI with vo=2QO=84 944
&&10 34 cm, p =0.001 corresponds to a concentra-
tion of 1.18x10' centers/cm .

To simplify the calculation of the T-matrix ele-
ments we introduce special symmetry vectors
(shell vectors), which are described in more de-
tail in Refs. 9 and 16. These shell vectors con-
stitute a complete set of basis functions and are
most suitable for describing the lattice vibrations
around a defect with a finite range of perturbation.
In a lattice with point-symmetry group H the lat-
tice ions may be assumed to be arranged on "shells"
around the defect. A "shell" is defined by all lat-
tice points which transform into one another under
all symmetry operations of H. '7 Shell vectors o„
are those basis vectors to irreducible representa-
tions of H, the amplitudes of which are nonzero only
on a single shell.

To describe the shell vectors completely, four
indices are necessary:
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counts the different basis functions within one rep-
resentation F.

We now obtain the following projections:

s„=s(I', j;s,r) —= (/To)a'(r, j;s, r))
T = (0 l

T
l
Q') = (o

l
v(1 + Gp v) l

o')

=F..(olvlo')(o" lB lo') = vie-. (4. 5)

R=

v(r;) v(r-„r)

,
v(r, r, ) v(r)~

(4. 9)

I+G(r;) v(r;) G(r;, r) v(I)
. (4. 10)

G(r, r-, ) v(r;) I+G(r) v(r)g

Next we calculate the scalar product (s } T}s),
where the multiplication runs over all nonzero pro-
jections (PpTo } o). With the abbreviation

&slT ls) =(N, +iN, )/(D, +iD, ) (4. 5)

the absorption outside the unperturbed phonon bands
reads Im(o } G(e 0) }o') = 0:

4m
n((uz) =—(oz lim Im)( ((oz)

C 6 ~+0

4m NZ
lim 2 2c P vp I +P ((dTo (0 +P Ny/Dg) + 6

4s NZ' N(&u )z
QPy 7TP

C P, Vp (I'dTo —QP )

&& 5[(~To —~') D, (~z)+PN, (~z)] . (4. 7)

&sl =&s(r;), s(r)l =&s(r;), ol. (4. 8)

In the same way we split the projections of the
perturbation matrix V and the Green's function G:

In the following we will discuss Eqs. (4. 5) and
(4. 6) for some models of special centers (E, Cl,
Br in KI). The changes of ion masses, force con-
stants (as far as the short-range parts are con-
cerned), and the related symmetries of the mass
systems will be considered. All perturbations in
the effective charges of the ions will be neglected, '
which means that in the perturbed lattice only those
infrared-active modes which can be deduced from
the I'4 (T,„) modes of the unperturbed lattice will
contribute to the absorption coefficient. In Eq.
(4. 5), s„40 is valid only if cr„=o(I'4, j;s, r) Hence.
we obtain

Go is a fully cubic matrix, so that all mixing be-
tween different representations I" vanish [G (I'4, r)
=0].

'(1+G (I' ) V(I' ))
'

(1+G(I') V(I')) ',

and we obtain

&slTls& =&s(«) I
v(r ) [1+G(r ) v(«)] ls(r-, )& .

(4. 12)
To find the only unknown in Eq. (4. 12) we have to
discuss the projected perturbation matrix V, and
the vector & s (I'4) } for special models.

We define A and B to be the radial and tangential
force constants of the ideal lattice, respectively.
They may contain central as well as noncentral parts
(see, e. g. , Ref. 19). A„. and B„.(M„.=A„, -A,
dJ9». B».—B——) are the constants of the perturbed
lattice connecting shells s and s'.

In the following cases we neglect changes in the
tangential force constant B, since B

A. Case 1

An anion center with mass changes and force-
constant changes to (inn) and (4nn):

m' ~ m e =1 —m'/m; &Ap&0; »~4&0;
but in an environment of O„symmetry.

If there exists a I'4 (T,„) representation in one
shell more than once, the shell vectors may be
chosen in such a way that they project either on ra-
dial or tangential force-constant changes only. With
~B„.= 0 we have to deal with the radial represen-
tations only. For s = 0, 1, 4 we obtain three repre-
sentations and the symmetry vectors are o'(I'4, j; 0),
o(r, ,j;1,1), o(I'4, j;4, 1), with j=l, 2, 3:

&S } „=&s (I'4, 1; 0); s (I'4, 1; 1, 1); s (r4, 1; 4, 1); 0
l

=N 'I (m, +m ) '~ (- m,'; (2m ) '~; —(2m, ) 'I; 0
l

(4. 13)

(we give only the x components of the polarization);

V„
V= V, ; V symmetric;

V

V (&)
CL

e.&u +»p&/m —v2»p&/(m, m )'~p

(»pf +»,4)/m
0

—»,4/(m, m )'~p

»,4/m

(4. 14)
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All gap modes in this case are threefold degener-
ate, but their total number cannot be predicted
without a numerical investigation. Modes of that
character will be discussed in Secs. V and VI for
the E center and for Cl" and Br centers in KI.

B. Case 2

Same as case 1, but with additional mass changes
in the first shell. The force-constant changes still
have O„symmetry; the perturbation masses may
reduce the symmetry to C4„, D4&, or C2„, depending

on whether: there are one or two new masses on

(1nn) sites.
For m', ~~m, and e, =1 —m', /m„ the s vector of

the first example is not altered.

Case 2(a)

For one mass m', at (inn) site, C4„.

The V projection reads

0
y(2) y(2) y(1). y(2) y(1) l ~ ~2

x j g g 2 +

0

We get two types of modes: the unperturbed
modes of the first model (twofold degenerate) and

one nondegenerate new mode. That case will be
discussed later for the E center in KI considering
the natural mixture of K and K isotopes in the41 .

crystal.
If there are two K ' isotopes within the first shell,

we have to distinguish two cases.

Case 2(b)

—0.

A01

-0.60

-0,50

V. DISCUSSION

Before comparing in detail the experimental re-
sults of Sec. III with the model calculation of Sec.
IV, we make some general remarks which follow
from the numerical investigations.

As may be seen from Figs. 4, 5, 7, and 8, the
positions of the gap modes depend strongly on A14,
the force-constant change between 1nn and 4nn, even
in the case of Cl and Br" centers in KI. For any
fixed value of A01 the peaks may be shifted over
the total gap region by a variation of A14 within
reasonable limitS (- 0. 3 &A14& 0. 3; A14=A, 4/A —1;
Ap( =Ap)/A —1). This indicates that a realistic model
for the description of infrared absorption of defect
centers should not be restricted too much in local
space. A larger region around the center will be
changed (at least up to 4nn) by the relaxation of the
surrounding lattice. This statement seems to be
true for the "soft" E center as well as for such
"simple" centers as Cl" and Br ions in KI.

Moreover, because of the similar behavior of
different centers, we suggest that the most impor-
tant contribution to A14 is from the relaxation of
1nn and not due to the special electronic structure

For two masses m,' at (1nn) sites [e.g. , one at

(001), the other at (010)], Cz„.
We find

0
p(p) g (() . g (2) jr(2) fr(()

X' X 9 3) g g 2f CO
2

0
(4. 16)

This result yields no new structure in compari-
son to case 2(a). Only the degeneracies are inter-
changed.

Case 2 (c)

For two masses m,' at (inn) on opposite lattice
sites D4&. We obtain

cl

-0
(Jl

O

C
o
(I)
C
0
(3

0.00
40.00

-1.00

-0.80

0
@&2) p'&2) @&1)~ @~2) —@&1)+g y x t g g +

(4. 17)

0

We find two types of modes. The degeneracy is the

same as in case 2(a), but the splitting is larger.
No further gap modes can occur in connection with

the heavier-. mass isotope K '. All 14(T,„) modes
which strain the force constants between 1nn and

2nn correspond to the case of diatomic linear chain
with m, &m and c, &0, where no gap modes exist
(see, e. g. , Ref. 20).

Frequency [xlo sec ]

FIG. 4. Dependence of the line position and splitting
of the E-center gap mode absorption in EI as a function
of force-cop. stant changes A01 and A14: solid line E
centers in the b(0) configuration; dashed line E centers
in the b(1) configuration; dotted line E centers in the

b(2) configuration. The calculation was done for T=0'K.
The arrows show the experimental positions of lines.
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A01

0.15

-0.50

'0 - 005
0.00

- -0.05
0 40.0

O

0
- -0.15

Frequency [xlO sec ]
FIG. 5. Same as for Fig. 4, but for KBr.

of the defect (e. g. , the widely-spread electronic
wave function of the E center). Changes in the
charge distribution of the outer electron of the de-
fect are shared among all neighbors, therefore
contributing little to A14.

center and 1nn. The line at C=81. 19+0.04 cm '
[&uc = (1.529+0. 001)x 10' sec '] is best reproduced
by setting A01= -0.50 and A14= -0.060.

For the case of KBr, the analogous calculations
are shown in Fig. 5 and Table II, respectively. In
this case, the calculated splitting &» and 4„& are
nearly constant over the whole range of A01, A14
pairs, but somewhat smaller than for KI. This
smaller splitting is caused by the slightly smaller
effective force constant in the unperturbed KBr
crystal. It is in excellent agreement with our ex-
perimental observation. The best fit to the mea-
sured frequencies is obtained with A01 ~ —0. 50 and
A14 ~+0. 002. The positive sign in the last value
is at the limit of the accuracy of our calculation.
However, we can see the tendency of A. 14 to in-
crease when going from KI to KBr, while the change
of the force constant to 1nn remains roughly the
same. This supports our suggestions outlined
above. A.01 is primarily given by the formation of
the vacancy. The additional contribution to A01 due
to the outward or inward relaxation of 1nn is very
small, whereas A14 is determined almost exclu-
sively by the relaxation process. The small pos-
itive value A14 for KBr indicates that the relaxation
of 1' of the Il center is much smaller than in KI,
and may even be in the opposite direction. We will
again consider this question briefly in Sec. VI.

Difficulties arise in the calculation of the inten-
sities of the in-gap absorption. Because the deriv-
atives of the Green's functions with respect to ,

A. Positions and Relative Intensities of F-,Center Lines (b)
P rt(AJ)

II

The frequencies of the single lines of the E-center-
induced gap-mode absorption in KI and KBr of Sec.
IIIA are given by the model calculations outlined in
Sec. IV B.

For the case of KI we show in Fig. 4 the position
of the three lines as a function of the parameters
A01 and A. 14. A fit of the observed frequency A
=62. 62 cm ' [v„=(1.556+0. 001)x10' sec '] for the
main line of Fig. 1 restricts the possible A01, A14
force-constant pairs to a range which is given to a
good approximation by the empirical equations

0. 21 A.01+0.118 f A.01 -0 715
A. 01+0.715

D4h
(c)

C2v

Pz (e

l, (e, )

C4v

0

Is lE)

0. 21 A01+0. 130 f A01( —0 715
A01+0. 715

An additional fit of the measured splitting bz~
= 0. 64 cm ' in the doublet gives a further restriction
of A01 to the interval- 0. 60 &A01 & 0 (see Table 1),
and thereby restricts A14 to negative values as
well. The negative value for A14 is interpreted as
an increase of the distance between 1nn and 4nn,
caused by a decrease of the distance between the

FIG. 6. Behavior of E centers in the b(0) [case (a)]
and b(1) [cases (b) and (c)] configurations with uniaxial
stress. 0 denotes K39 and ~ denotes K4 isotopes. The
single components of the split lines A and B contain

P ll E: v {A):1"
2 (A2„); I"2 ( Bg)

vf (B):I ~ (A ) "shifted".

PL E: v2 Q): I'3 (E„); I" (E); I ( B )
v2 (B): I"~ (A~); "slightly shifted".
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FIG. 7. Line position and isotope splitting for the
gap modes due to Cl (solid line) and Cl (dashed line)
centers in KI as a function of force-constant changes
AOl and A14. The arrow shows the position of the
doublet.

which enter the equations, are much more inaccu-
rate than the Green's functions themselves, this ap-
proach is not practical. However, an heuristic
estimate of the relative intensities may be obtained
in the following way: Denoting the probability that
n F centers have i K ' ions as Inn by P, (n), the
average occupation number is then '

b(i) =Q„P,(n) =k(P)(l -1/k)" '(I/O) .
For the natural abundance ratio of K:K ' = 93: 7,
we obtain

b(0) =65. 5/o,' b(1) = 27. 7'%%uo,
' b(2) = 5.9'.

In order to compare the relative frequencies of
these three configurations with the relative inten-
sities of the lines, one must take into account the
polarization and the degree of degeneracy in the
modes as indicated in Sec. IV, cases 2(a)-2(c).
One then obtains

A = 2b(0)+s b(1)++'b(2),

B = —,'b(l)++b(2),
C =wb(2).

The above values then yield

I(A): f(B): f(C) =. 210: 30: 1.

FIG. 8. Same as Fig. 6, but for Br ~ and Br cen-
ters in KI.

This is in agreement with the experimental results
of Sec. IIIA to within experimental error [compare
Eqs. (3. 1) and (3. 2)].

B. Anharmonic Coupling Coefficients

From the slope of the function hv, s(A) =f (P) (see
Sec. III 8) for different directions of polarization
we can determine two of the anharmonic coupling
coefficients of the E-center-induced vibration to
static distortions of the lattice.

Uniaxial stress in the [100]direction lowers the
point symmetry for F centers in the b(0) configura-
tion from 0„to D4„. . In the b(1) configuration the
symmetry becomes C4„for C axis il P and C2„for
C axis i P (see Fig. 6). Centers in the b(2) con-
figuration shall be neglected in the following. But
because no measurable splitting was observed be-
tween the I's (As„) and I's(B,) levels and among the
I's(E„), I's(E), and I's(Bs) levels, we will assume
that the static distortions are nearly of I'|(A|~),
Fs(E ), and I's(Ts,) symmetry. According to Ref.
22 we then obtain

1/dÃ —™(811+ 2s12) + 4p(sr| —s gs)

for E IIPII [100], and

~vs/~ +( 11++12) p( 11 12)

for Ell[001], Pll[100]. n and p are the anharmonic
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FIG. 9. Density of states and
dispersion curves for KI as ob-
tained with the Schroder model
(T=O'K) denotes measured val-
ues according to Boiling et al.
(Ref. 12).

coupling coefficients which transform like I", (A,,)
and I",(B,). s«, s» are the local compliances.
From Ref. 8 we obtain with A01 = —0. 5V, A14
= —0. 12 the local stiffness constants

c»=0. 264x10' dyn/cm; c,3=0. 032x10' dyn/cm .
The local eompliances are then

s„+2s»=3.05x10 "cm /dyn,

sqq —8» = 5. QOx 1Q cm /dyn.

Together with the measured values of &v, ,z(A)/lLP,
we obtain for the 82. 62-cm ' line

n(s»+2s») =0. 03V+0. 01 cm-' mm'/kg,

P(s» —s») = 0. 02+0. 005 cm ' mm'/kg,

a —125y40 cm ~
p —35+15 cm '

Therefore, the excited vibrational state of the I'
center is strongly coupled to spherical distortions.
However, these values are only about one-eighth
as large as the corresponding values for low-lying
resonant modes, e. g. , the Li mode in KBr. Fur-
thermore, we see that for the gap mode, where
only anharmonic damping is possible, the half-
width is determined by I';(A, ~) distortions, which

cause a small anharmonie frequency shift as well.
The shift in line B at 81.98 cm"' depends on the

relative orientation of P, E, and the e axis. The
lifting of the configuration degeneracy with uniaxial
stress can be seen from Fig. 6. For case (b) (Pl~c
axis) the force constantA, 4 increases with applied
stress. Therefore, we get a positive shift hv, (B)
of the F,(A', ) mode. This shift can be estimated by
the well-known relation (see, e. g. , Ref. 1)

8 ln(d 3~
~ lna

or
5~ = 3A 5a/a = 3o'P(s»+ 2s»).

For 100 kg/cm, we get with the above values
d, v, (B)= 0. 1 cm, which is in good agreement with
the measured value av, (B) in Sec. IIIB. For case
(c) (P1c axis) the orthogonal spring can increase
or decrease. From the measured shift hv2(B) ~0,
a small decrease in this force constant follows.

VI. COMPARISON WITH EARLIER RESULTS

In Ref. 8 Benedek and Mulazzi fit the force-con-
stant pairs A01, A14 to the half-width of the elec-
tronic I" band. They obtain A01= —0. 5V, A14= —0.12
for KI and A01 = —0. 43, A14 = —0. 16 for KBr. Com-
paring these force-constant pairs with the values
obtained in Sec. V {201=—0. 50, A14= —0. 060 for

TABLE I. ~-center splitting in KI, v~ ——l.556 &10 sec" .
AOl A. 14

TABLE Q. E-center splitting in KBr, co& ——l. 8761
x10~3 sec ~.

0.60
0. 50
0.40
0. 33
0. 00

+ 40. 0
l. 00
0. 80

+0.070
—0. 060
—0. 103
—0. 132
-0.165
—0.205
—0.292
—0. 412

l. 545
1.545
l. 547
l. 546
l. 542
l. 545
l. 555
l. 605

1.540
l. 528
l. 532
l. 520
l. 520
l.525
l. 535
l. 590

0, Oll
O. 011
0.009
0.010
0, 014
O. Oll
0.001

-0.049

0.016
0.028
0. 024
0.036
O. 036
0.031
0.021

—0. 034

A01

0.70
O. 50
0.30
0. 00

+ 2. 00
+40. 0

+0.
—0
—0
—0
—0

.170 1.868
002 l. 864
058 l. 866
104 l. 866
164 l. 866
198 l. 866

l. 862
l. 856
l. 856
l. 856
1.856
l. 856

+AB

0. 008
0.012
O. 010
0.010
0.010
O. 010

0.014
0.020
O. 020
0.020
0.020
O. 020
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KI and A01= —0. 50, A14=+0. 002 for KBr) we get
an agreement in the A01 values within a 15'%%uo. How-

ever, a large difference in the A14 values is re-
vealed. For KBr, A14 even tends to be of opposite
sign. This disagreement is probably due to the in-
sensitivity of the half-width of the electronic band
to changes in A14. On the other hand, if we fit the
calculations outlined in Ref. 8 to the measured in-
gap-mode frequencies —keeping A01 constant —we
obtain A14= —0. 13 for KI and A14=+0. 04 for KBr.

In order to estimate the relaxation of 1nn around
the I center we follow our argumentation in Sec. V.
In a first approximation the relaxation is given by
the repulsive part of the ionic interaction potential
which varies according to Born-Mayer as e
For the change in the distance between 1nn and 4nn

we then obtain

5r,4= —(p/A) 6yi4 e

with6yf4= (A14)xA; p(KI) =0.349A; and p(KBr)
= 0.334 A. This means that within this assumption an
inward relaxation of Inn in KI of 0.6-1.2% and an out-
ward relaxation of Inn in KBr of 0.02-0.4% is most
likely. The outward relaxation of 1nn in KBr is
supported by elastic calculations by Thommen
(+0. 6'%%uo) and by volume-expansion measurements
by Luty et al. who use the Eshelby model for
explaining the relative volume increase when U cen-
ters are converted to F centers in KBr (+ 3. 2%).
The "large" value reported in Ref. 25 may be due
in part to the interstitial H2 molecules —created in
the U-I' conversion —producing a further increase
in the lattice. Moreover, the volume-expansion
measurements were carried out at a much higher
temperature, 77 and 300 'K, respectively, than
our measurements and calculations which were
done at 1.2 and O'K, respectively. For KI, no
analogous calculations or measurements are known.

To further test the model calculations of Sec. IV,
we calculate the isotope splitting of the in-gap
modes due to Cl ' and Cl centers and Br and
Br" centers in KI.

Figures 7 and 8 show the results of these calcu-
lations. The splitting into two bands observed for
Cl can be described correctly only by taking 4nn

force-constant changes into account. With A14
=0 the observed position is found with A01=- 0. 31;
however, the calculated splitting is then too large
by a factor of about 4 to 5 with respect to the ex-
perimental values. But additionally the observed
splitting can also be found when a change in A14 is
allowed. An interesting feature occurs in the Cl
calculation in the range of —0. 25 &A14&+0. 15.
Two solutions are found simultaneously: one mode
splits from the acoustic band, whereas the other
one splits from the optical band.

The isotope splitting of Br centers becomes
much smaller. Over nearly the whole rankle of pa-

. rameters used in the calculation the splitting was
lessthan0. 002~10' sec '="0.1cm . This result
is in good agreement with the upper limit of the
splitting as estimated by Nolt et a/. ' At this time,
the force-constant parameters in these cases can
be fixed only by comparing calculated and measured
in-band resonances. This is due to the limited ac-
curacy of the calculation as was previously men-
tioned for KBr with F centers, and is especially
true for the small isotope splitting for Br centers
in KI. A second source of uncertainty is the lim-
ited resolution of the measurements.
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APPENDIX

We describe the lattice dynamics of the unper-
turbed crystal by the breathing-shell model intro-
duced by Schroder. " The eigenvectors and fre-
quencies are calculated at 64000 points in the Bril-
louin zone. We took the following parameters for
the calculation: For KI: m~ = 39. 102, mI = 126.9044
(relative ion masses),

a0=3. 469x10 8 cm (distance between nearest
neighbors),

c» = 0. 338x10' dyn/cm~ (elastic constants),

c»=0.022x10" dyn/cm',

c g4
= 0. 0368 x 10 dyn/cm,

o!, =1.201x10 cm', &&=6. 199x10 24 cm' (the
polarizability of the K' and I ion, respectively, )

ZZ = 0. 90 (relative ionic charge),

&pro = 2. 035x 10 sec (infrared eigenfrequency),

co=4. 74, e„=2.71 (the static and high-fre-
quency dielectric constants, respectively).

The effective force constants were A = 13.8718
e /2vo and B = —1.0389e /2vo.

Figure 9 shows the density of states together with
the dispersion curves along major symmetry di-
rections in KI at T =0'K. The ordinate for the
density is in arbitrary units with the condition that
the area under the curve is normalized to unity.
The shape of the single branches of the dispersion
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curves is compared with neutron scattering data
as reported in Ref. 12. The splitting in TO and

TA branches in the [110]direction was not mea-
sured.
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Theory for the Interaction of Phonons with Nonharmonic Impurities and Their Effect
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A new formalism is used to describe the interaction of localized nonharmonic impurities
with a field. The impurity is described in terms of anticommuting Fermi operators, thus
permitting the use of diagrammatic techniques. The formalism is used to study the impurity-
phonon interaction in general, and to study, in particular, the effect of the phonon field on
the impurity's polarizability. Using linear-response theory and thermodynamic Green's
functions, the polarizability is obtained. It is found to contain a resonance term and a dipole
relaxation term which is found to be present even when the impurity has no diagonal dipole
matrix elements. The effect of the four-vertex part on the polarizability is to renormalize
the impurity's dipole matrix elements and make them temperature dependent. The formalism
is particularly suited to the study of highly polarizable impurities such as the proton in hydro-
gen-bonded ferroelectrics, off-center impurities, and permanent-dipole impurities.

I. INTRODUCTION

The interaction of the phonon field with a localized
nonharmonic impurity having a finite number of
physically relevant quantum-mechanical (QM) levels

and the interaction of these two systems with the
electromagnetic field form an important class of
problems occurring in solid-state physics. It will
prove particularly useful to calculate physical
properties such as the polarizability of the impu-


