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Theoretical investigation of the motional states of the nitrite ion in alkali halide crystals
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A microscopic model for the substitutional NO2 impurity ion in NaC1-structure alkali halide
crystals is developed on the basis of a specific theoretical potential. Coulomb, induction, and short-
range interactions are included to obtain expressions for the barriers hindering the rotational
motion of the impurity in the matrix cage. Preferred orientations, o6'-center displacements, and
barrier parameters for this impurity are calculated in KC1, KBr, and KI host crystals. The results
are used to explain most of the features of the infrared spectra in these impurity systems.

I. INTRODUCTION

Recently, much experimental and theoretical interest
has been shown towards alkali halide crystals doped with
molecular impurities. The comprehensive review articles
by Narayanamurti and Pohl' and Frank Bridges cover
most of the experimental findings on the subject. The
well-studied molecular impurities are OH, CN, NO2
and SH ions along with their isotopically substituted
species in different alkali halide crystals. The systems
have been extensively studied by ultraviolet, infrared, and
Raman spectroscopy and also by the measurements of
various thermal properties such as specific heat, thermal
conductivity, and paraelectric cooling, etc. A detailed
understanding of these properties requires a knowledge of
the various motional states of the impurity in the lattice
vacancy. For the simpler cases of diatomic impurities,
these states are now well understood in terms of specific
models, ' and the behavior of the impurity's stretch-
ing, " translational, ' and angular motional states ' for
different lattices and different experimental conditions is
also well understood. For the case of a polyatomic im-
purity, the situation is not so clear because of the compli-
cated rotational degrees of freedom of the molecule. The
polyatomic impurity that has been studied the most is the
NO& impurity in KC1, KBr, KI, NaC1, and NaBr crys-
tals. For understanding the motional states of these
impurity-lattice systems, many kinds of experiments have
been performed. Sack and Moriaty' have measured the
dielectric constant of these systems and have concluded
that this impurity can rotate even at very low tempera-
tures. They also concluded that in the KCl crystal the
NO2 ion sits at the normal lattice site with a dipole mo-
ment 0.21 D. However, in the KI crystal, its center of
mass is displaced by a distance, which increases its dipole
moment in the crystal to 0.97 D. Narayanamurti
et aI." performed detailed infrared and thermal-
conductivity measurements on these systems. They also
performed electric-field- and stress-field-induced di-
chroism experiments to ascertain the equilibrium orienta-
tional configuration of the impurity in the lattice vacan-
cy. Their conclusions for the KCl case is that in this lat-
tice the symmetry axis of the NO2 ion lies along either
of the twelve (110) directions. They did not perform

this kind of experiment for the KBr and KI crystals.
Avarmaa and Rebane' analyzed the rotational structure
of the pure electronic and zero-phonon lines in the vib-
ronic spectra of these systems. They modified some of
the methods of interpreting the experimental results in an
empirical way and presented a better way of analyzing
the orientational states of the impurity in the lattice va-
cancy. Earlier, Timusk and Staude, ' Sievers and Ly-
tle, ' and Renk carried out far-infrared spectroscopic
studies of these systems and observed a multiplet of line
structure, which reAected the complicated rotational and
other kinds of motions of the impurity in these lattices.
More recently, Shepherd, Evans, and Fitchen ' car-
ried out Raman and vibronic absorption spectra studies
for the KC1, KBr, KI, and NaBr crystals doped with this
impurity. They also carried out stress-induced dichroism
and splitting measurements of the vibronic lines to deter-
mine more conclusively the equilibrium orientational
configuration of the impurity in these crystals. Rebane
et al. 2 used the Raman scattering (RS) technique to
infer that in KC1, KBr, and RbC1, the motions around
the 8 and C axes can be treated as small librations, while
in KI, the molecule is frozen in its equilibrium orienta-
tions and performs only small librations around all the
axes.

A clear understanding of the various experimental re-
sults requires a theoretical knowledge of the equilibrium
orientational configuration of the impurity, the potential
barrier hindering different kinds of angular motions and
possible off-center-of-mass displacement of the impurity
from the lattice. Attempts to explain or understand some
of the motional states were made by Narayanamurti
et a/. ,

' Evans and Fitchen, Avarmaa, ' and oth-
ers. ' ' However, these attempts were empirical in
nature and considered the potential barriers hindering
angular motion of the impurity on a one-dimensional
model. Also, they assumed certain minimum-energy
orientational configurations of the impurities in the crys-
tal, which was based upon experiments in some cases
(e.g. , KC1:NO& ) and on intuition on others (e.g. ,

KBr:NO2 and KI:NOz ). No attempt to understand
this minimum-energy orientational configuration of the
impurity on the basis of a specific theoretical potential
was done.
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follows. In Sec. II, the form of the proper angle-
dependent potential present at the site of the impurity in
the lattice is discussed. Also, a relationship between the
various possible minimum-energy orientational
configurations of the impurity to the defined potential pa-
rameters is developed. In Sec. III, expressions for the
defined potential parameters are obtained on the basis of
first-principles calculations. In Sec. IV, an outline of the
calculations of the potential parameters and the possible
off-center displacement of the NO& im.purity in the KC1,
KBr, and KI lattices is presented. In Sec. V, the results
based on the present theoretical investigations are dis-
cussed. A summary and conclusions are given in Sec. VI.

FIG. 1. Configuration of the impurity in the lattice and illus-

tration of the space-fixed coordinate system (XYZ) and
molecule-fixed coordinate system (xyz) connected through Eu-
lerian ang1es a, /3, and y. The molecule-fixed axes x, y, and z are
identified as the A, 8, and C axes, respectively, of Ref. 2 (see

Fig. 5 also). The solid circle shows a nitrogen atom and the hol-
low circles show oxygen atoms.

In this paper we have made an attempt to explain vari-
ous experimental observations connected with NO2 im-

purity with the help of a model developed on the basis of
a specific theoretical potential. The paper is organized as

II. THE CRYSTALLINE FIELD POTENTIAL
AND MINIMUM-ENERGY ORIENTATIONAL

CONFIGURATION OF THE IMPURITY

The form of the potential acting at the impurity site
must be consistent with the octahedral symmetry of the
crystal and the C2, molecular symmetry of the nitrite
ion. If a, /3, and y represent the three Eulerian angles
describing the orientational coordinates of the impurity
in the space-fixed coordinate system (XYZ) of the crystal
(see Fig. 1), then the proper potential in which the impur-
ity performs the angular motions can be expressed as

V, =K(0)[cos /3+sin /3(sin y+cos y)]

+K (2) I cos2a[( —1+8 cos /3
—7 cos /3)+ cos4y(1 —cos /3}]+sin2a[sin4y( —cos/3+ 2 cos /3) ]]

+K(4)Icos4a[(1 —2cos /3+cos /3)+ —,'cos4y(1+6cos /3+cos /3}]+sin4rr[ —', sin4y( —cos/3 —cos /3)]J .

Here, K(0), K(2), and K(4) are the barrier parameters
analogous to the Devonshire E parameter for the simpler
diatomic impurities. This form of potential for triatomic
impurities having C2, symmetry has also been used by
Sauer. The barrier parameters K(0), K(2), and K(4) used
by Sauer are different from the corresponding parameters
used in this paper. Flygare has also used the above
form of the potential expressed in terms of rotation ma-
trices and barrier parameters H(0), H(2), and H(4). How-
ever, the parameters used by Sauer or Flygare can be
easily related to the barrier parameters used in this work.

Differentiating Eq. (1) partially with respect to a, P,
and y and setting them equal to zero, we get the condi-
tions for extrema in the potential. One can easily put
these extrema configurations into four groups. The mini-
ma configurations are as detailed below.

Group I,

I

This corresponds to the molecular configuration in the
lattice in which the symmetry axis of the molecule lies
along either of the six (001 ) directions and the line join-
ing the two oxygen atoms along the corresponding (100)
directions.

Group II,

+=0,+~/2, ~,
/3=+~/2,

y =+m/4, +3~/4 .

(3)

This corresponds to the configuration in which the sym-
metry axis of the molecule lies along either of the twelve
(110) directions and the O-O axis along the correspond-
ing (110) directions.

Group III,

a=O, +~/2, ~,
/3=0, +sr/2, rr,

y=O, +~/2, ~ .

(2)

o,'=0, +m'/2, m,

/3=+sr/4, +3m /4,
y=O, +~/2, ~ .

(4)
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This corresponds to the molecular configuration in which
the symmetry axis of the molecule lies along either of the
six (001) directions and the O-O axis along the corre-
sponding ( 110) directions.

Group IV,

a =+a/4, +3m/4,

P=+a /2,

y =0, +m. /2, m .

and also

, &0; )0;, &0.
Ba BP By

This gives the following conditions for minima to occur.
Group I,

—4K (0)+ 16K (2)—(16/7)K (4) & 0,
—4K (0)—16K (2)—(16/7)K (4) & 0,

This corresponds to the molecular configurations in
which the symmetry axis of the molecule lies along either
of the twelve ( 110) directions and the O-O axis along the
corresponding (001) directions. These four molecular
impurity orientations are suitably shown in Fig. 2.

The condition for minima to occur along a given group
of equilibrium orientational configurations is that the
Jacobian be positive and definite as well as B V, /Ba,
B V, /BP, and B V, /By, i.e.,

—(128/7)K(4) &0 .

Group II,
—2K (0)+ 16K (2)—(40/7)K (4) & 0,
4K (0)+ 16K (2)+ (16/7)K (4) & 0,
8K (2)—(96/7)K (4) & 0 .

Group III,
—2K(0) —4K(2)+(8/7)K(4) &0,

(9)

B V,

Bcx

B V,

BPBa

B V,

Bp Bo.'

B V,

BaBp

B V,

BP

B V,

By BP

B'V,

BaBy

B V,

BPBy

B V,

Bp

—2K (0)+4K (2)+ (8/7)K (4) & 0,
(128/7)K (4) & 0 .

Group IV,

—2K (0)—16K (2)—(40/7)K (4) & 0,
4K(o) —16K (2)+(16/7)K (4) & 0,
—8K (2)—(96/7)K (4) & 0 .

(10)

(100) Plane (1QQ) Plane

X

Group I Group II

(]10) Plane (110) Plane

roup

FIG. 2. The minimum-energy orientational configurations of NO2 in alkali halide crystals categorized in four groups as obtained
from the theoretical considerations of the model potential at the impurity site.
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Figures 3 and 4 show, respectively, the regions for the
various potential minima in the K( 0) /E(4) and
K(2)/IK(4)l plane for positive and negative values of
K(4).

For K(4) positive, the important points to note are as
follows.

(i) No potential minima can occur along group-I direc-
tions.

(ii) There is a certain set of values for K(0)/IK(4) and
K (2) /IK (4) I

for which no potential minima could occur
in the lattice. This has been shown as a blank region in
Fig. 3 and is given by

12 K(2) 12

IE(4)l
5 1 E(0) K(2) 5 1 K(0)

8 IK(4)l IK(4)I 14 8 l«4)I '

8 1 E(0) E(2) 8 1 K(0)
2 1K&4)l IK(4)l 7 2 IK(4)l

(iii) For the following conditions, the potential minima
could occur along group-II directions only:

Group I

Group

K (2)
)K(4) J"

K(4) -ve

K (0)
IK(4) I

FIT+. 4. The regions for the various potential minima in the

K(0)/IK(4)l and K(2)/IK(4)l plane for a negative value of
K(4).

K(2)
IE(4)l
K(2)
IE(4)l
K(2)

(iv) For

12)
7

5 1 K(0)
14 8 IE(4)l '

8 1 E(0)
2 IE(4)l

Group III

Group tV

K(2) ),
) K(4)I

K (2) 12

K(2) 5 1 K(0)
IK(4) 14 8 IK(4)l '

K(2) 8 + 1 E(0)
[E(4)l 7 2 IE&4)l

'

K{4)+ve

~ii; ''~+i

(14)

one gets potential minima along group-IV directions
only.

(v) For

12 K (2) 12

8 1 E(0) K(2) 8 1 E(0)
2 l«4) I l«4) I

1 1 K (0) K (2) 1 1 E (0)
4 IK(4)l l«4)I 7 4 l«4)l '

(15)

K(2) 12

IE(4)l
8 1 K (0) E (2) 1 1 E (0)

IK&4)l 7 4 l«4)l '

(16)

we get potential minima simultaneously along group-II
and -III directions.

(vii) Similarly, for K(4) positive and

we get potential minima along group-III directions only.
The more interesting feature is that for a certain set of

values of the potential parameters, we get simultaneous
potential minima along two sets of orientational
configurations of the impurity. These are given as fol-
lows.

(vi) For K(4) positive and

10 K (0)
lK(4)I K (2) 12

l«4)l
K (0) K (2) 1 1 K (0)

7 2 IK(4)l IK(4)l 7 4 IK(4)l

(17)

FI(..x. 3. The regions for the various potential minima in the
K(0)/IK(4)l and K(2)/IK(4)I plane for a positive value of
E(4)).

we get potential minima simultaneously along group-III
and -IV directions. These are shown in Fig. 3 by overlap-
ping shaded regions.

Similarly, the following important points could be not-
ed for negative K(4) values.
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(i) No potential minima could occur along group-II
directions.

(ii) For

5 1 K (0) K (2) 5 + 1 K (0)
14 & IK(4)l IK(4)l 14 & IK(4)l

no potential minima could occur in the lattice. This has
been represented by an unshaded region in Fig. 4.

(iii) For

1 1 K (0) K (2) 1 1 K(0)
4 l«4)l IK(4)l 7 4 l«4) I

(19)

K(2) 1 K(0)
l«4) I

7 l«4) I

'

K(2) 5 1 K(0)
/K(4)/ 14 S /K(4)/

'

(20)

we get potential minima along the group-IV directions.
(v) For

K(2) 1

7
K(2) 5

~K (4)
~

14

K(0)
/K(4)/

'

1 K(0)
g /K(4)/

'

(21)

we get potential minima along the group-III directions.
(vi) An interesting feature is that for a limited narrow

region of the relative values of the potential parameters,
we get simultaneous potential minima along the group-
III and -IV directions. This is given by

1 1 K (0) K (2) 1 1 K (0)
4 IK(4)I IK(4)l 7 4 IK(4)l

'

5 1 K (0) K (2) 5 1 K (0)
14 & IK(4)1 IK(4)I 14 & IK(4)l

we get potential minima along group-I directions only. It
may be mentioned that the group-I region does not over-
lap with any other region on the K(0)/~K(4) versus
K(2)/iK(4)i plot.

(iv) For

charges in the impurity, the polarizability value of the
impurity ion, the ions of the host crystal, the lattice pa-
rameters, etc. This point, as has been done earlier, is
named the center of interaction (CI) because it is this
point of the impurity at which the effective crystalline
field interaction acts (see Ref. 13 also). Naturally, the CI
need not coincide with the center of mass (c.m. ) in gen-
eral, because the latter is governed by the distribution of
masses in the impurity. We determine the location of the
CI by assuming that the angular anisotropy of the in-
teraction is at a minimum about this point. Such an as-
sumption has previously been found to give a good esti-
mate of the potential barriers hindering angular motion
and off-center-of-mass displacement of the OH and
OD impurities in alkali halide crystals.

Let us also summarize the important points regarding
the location of CI in the impurity molecule (the CI can be
taken as located at the center or on the axis of symme-
try). For the present case of NO& impurity, it is evident
that the CI will lie on the C2, symmetry axis (the B axis
in the notation of Ref. 22; see also Fig. 5). For an asym-
metric charge distribution, CI is the point at which the
angular anisotropy of the crystalline field interaction is at
a minimum. The relative importance of the various types
of interactions, such as electrostatic (multipole-
multipole), induction, dispersion, exchange interactions,
etc. , which are not essentially centered at the same point,
is determined by the intermolecular distances and the en-
viron around the impurity. The CI of the asymmetric
molecule (and hence the point of the impurity that rests
at the normal lattice site) is therefore not a molecular
constant, but depends upon the local environ of the im-
purity. Recently, Dreyfus pointed out that for the case
of the KC1:OH system, the tunneling splitting parame-
ter (and hence also the off-center-of-mass displacement
parameter) changes when the crystal is annealed. The
position of the CI may also depend slightly upon the ex-
perimental conditions, such as temperature, pressure,
state of aggregation, etc. These effects, however, will not
be taken into account in the present calculations.

This is a very narrow region and has been suitably shown
in Fig. 4 by doubly shaded region.

III. MODEL FOR THE CALCULATION
OF POTENTIAL PARAMETERS X(0), K(2), AND K(4)

A. The model

The calculation of the barrier heights and the displaced
position of the impurity's center of mass is based here on
the rnultipole expansion method of the intermolecular in-
teraction. Within the framework of this method, the
reason for the center-of-mass displacement of the impuri-
ty ion can be stated as follows. The equilibrium orienta-
tional configuration of the impurity in the lattice vacancy
is decided by its minimum-energy configuration. The in-
teraction energy depends upon the distribution of the
charge in the impurity ion and the ions of the host lattice.
Consequently, the point of the impurity that rests at the
normal lattice site in the minimum-energy orientational
configuration should depend upon the distribution of

"p(O)
0

FIG. 5. Coordinates of the various atoms of the NO& mole-

cule in the molecule-fixed coordinate system.
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B. Theory

The origin of the barrier for the rotation of the molecu-
lar impurities in the solid-state matrices is the angular an-
isotropy of the interaction between the trapped impurity
and the surrounding ions of the host lattice. No
impurity-impurity interaction will be considered, because
most of the experimental results of interest to us are for
highly dilute impurity concentrations. The main interac-
tions are the following: (i) Electrostatic interaction
(multipole-multipole), (ii) induction interaction, (iii)
dispersion interaction, and (iv) exchange interaction.

The last two interactions do not enter into our formu-
lations directly for the following reasons. The angular
anisotropy in the first-order London dispersion interac-
tion is very small ' for the molecular separations of the
order of 2.5 —3.5 A. The angle-dependent part of the ex-
change interaction is not precisely known. The only in-
formation regarding the angle-dependent part of the ex-
change interaction is empirical in nature and has been
provided by Artrnan and cordon. Their empirical for-
mula shows only a cos 0 dependence, which, when
summed over all the neighbors of the impurity, does not
give any angular anisotropy to the crystalline field. The
radially dependent part of the exchange interaction does

I

not give any contribution to the barrier, if the molecular
c.rn. rests at the normal lattice site. When the molecule
is off centered, the exchange interaction gives a
significant contribution to the E(0) barrier parameter.
This has been taken into account separately for the off-
centered impurities fEq. (76)].

1. Electrostatic interaction

where

0) T)V 0, 7) V)P

Let XFZ represent a space-fixed coordinate system
with its origin at the normal lattice vacancy, where the
impurity molecule is sitting. The charges on the various
lattice points of the crystal produce an electric potential
at the origin. The molecular multipole moments (viz. , to-
tal charge, dipole, quadrupole, and octupole moments,
etc. ) interact, respectively, with the electric potential, its
first, second, and third gradients, etc. Thus, the interac-
tion energy between the impurity molecule and the ions
of the host lattice can be expressed as

e (S)~(S) ~ (S)y (S) ] ~ g(S)g(S)
COul F ~ 0 0 3 ~ O7. 0.7.

0) 7

+I))Pasv )p) $ Hg, ',PF~,~p ) (23)

e(S)—~ e(S)—~~ e„

(S)—~ e (S)r (S)
p~ ~ en rn~

g(s) ~ e(s)(3r(s) (s)
( (s))2g~ en "n~ "n~ rn 0.7. &

denote the electric multipole moments of the impurity molecule in the space-fixed coordinate system XYZ. {t'H' is the
electrostatic potential due to the charge on the Hth ion at the impurity site. The potential is thus given by

y(S) —y y(S) (24)

The tensors are

H H

The F 's in Eq. (23) denote the various gradients of the electric potential as detailed below:

F(S) y P (P(S)) y T(H) (H)

H H

F(S) y g q (y(S)) y T{H)e(H)
H H

F(S) y P P P (y(s)) y T(H) (H)

H H

(25)

(26)

(27)

(28)
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T(H) 1

(s)"H
(

(S)
)
—2gl H)

~H 0 7

(H) 1
T~, VgV, (

(S)
)
—3( 3g(H)g(H) g ) (30)

T'...' = —V.V.V. (s)
rH

( (S))—4[5glH)glH)g(B) (g(H)g +glH)g +g(H)g )] (31)

(H) 1T V V~VV (s)
~H

3( l S)
)
—5) 35' H))g Hl)g Hl)g(H) 5( g(B)g(H)g +g(H)g(H)g +g(H)g(B)g +plH)g(H)g

H L 0 'T v p ET '7 Vp 7 V pCT v p 0 7 p 0' 7 V

+x'.")x'.")n„+x',")x,'")s..)+(n.,n.,+s.„|'„+n.p.,) ] . (32)

I (H)
~Coul 1ps g awvp g Torvp

CT) 7) V)P

(33)

Next, it can be shown that many of the 81 components of
the fourth gradient tensor vanish identically because of
the symmetry properties of the site and many of the
remaining ones are equal. Specifically, we have the fol-
lowing nonvanishing components:

Here, A,
' '= (k' ', X' ', A,,' ') is the unit vector in the

direction of the vector that connects the site of the solute
molecule and that of the Hth ion of the host lattice.
Now, as the lattice ions are distributed around the impur-
ity with an octahedral symmetry, it can be shown that
the first, second, and third gradients of the electric poten-
tial, viz. , F, F „and F identically vanish. The
zeroth gradient, i.e., the total electric potential P' ', in-
teracts only with the total charge of the impurity [see Eq.
(23)] and gives no angular anisotropy to the interaction
energy. This will, therefore, be dropped in future steps.
The fourth gradient of the electric potential can be
worked out explicitly. Equation (23) for the interaction
energy thus reduces to

of p;, R, , and n; are given in Table I for the first few
shells. With this, the interaction energy given in Eq. (33)
becomes

1 e
1 co l 14

q kc )(Hxxxx+Hrrrr+Hzzzz)105 R 5

e
42

&
gcou)(Hxxry+ Hrrzz +Hzzxx )

R

(37)

As has also been mentioned earlier, the various Cartesian
components XYZ refer to the space-Axed coordinate sys-
tem with its center at the molecular lattice site. Thus
~zzzz ~s the component of the molecular hexadecapole
moment referred to the space-fixed coordinate system.
Specifically ~zzzz c» be expressed a

Hzzzz = l g e r (35 cos 8 30cos 0 +3)

Fxxxx —FYrj'r+Fzzzz 1
5 kou) ~

(S) — (S) (S)
R

(S) — (S) — (S) — (S) (S) — (S)
XXYY XYYX FXYXY YXXY+FYXYX FYYXX

(S) — (S)
FYYzz FYzz Y

(S)
FZZXX +7

5 (Coul &

R

(34)

(35)

with similar expressions for the other components. Here,
(r„,e„,P„) is the coordinate of the nth charge of the mol-

TABLE I. Constants of the she11 summation (p, and y;), for
the first few shells surrounding the impurity, used for the calcu-
lation of the barrier parameters.

where gc,„) is a constant defined by

p;(+)n;
X (R /R)

(36)

Here, the summation i extends over the different shells of
ions surrounding the molecule, p, is a certain shell sum-
mation constant, and n, is the number of ions in the shell,
whose distance from the molecular ion site is R, , R being
the nearest-neighbor separation of the lattice. The values

Shell No.

First
Second
Third
Fourth
Fifth
Sixth
Seventh
Eighth

No. of ions
in the shell

6
12

8

6
24
24
12
30

R;/R

1
v'2
v'3

2
v'5

v'8
3

Pl

1.0
—0.5
—0.889

1.0
0.8

—1.0
—0.5
—0.926

1.0
0.582
0.444
1.0
0.733
0.582
0.582
0.444
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ecule in the space-fixed coordinate system. When expres-
sions like those given in Eq. (38) for the various H's are
substituted in Eq. (37), we get

7 eV'7r
Coul 18 + 5 KCoul

system fixed inside the molecular impurity. The spherical
harmonics referred to the space-fixed coordinate system
can be related to the molecule-fixed coordinate system by
the three Eulerian angles a, p, and y. The transforma-
tion is given by

X g e„r„[Yo(8„,$„) +L
Yo(~. 4. )= X Ds'cM«» y)Yo(~. 0. ) .

K= —L
(40)

+V' —,'. [Y'(0. 0'. )+ Y'— ((). 0. )]] .

(39)

Next, as the molecule could have rotational degrees of
freedom in the crystal matrix, it will be better to express
the interaction energy in terms of the components of the
molecular hexadecapole moment referred to a coordinate

I

Further, as in this particular case, the trapped molecule
itself has C2, symmetry, the finite components of the
molecular hexadecapole moment will correspond to only
K =0, +2, +4. When all these considerations are taken
into account, we get the following expression for the elec-
trostatic interaction of the rotating molecule in the crys-
tal:

I'c l=
1

5~Pc 1 [Doo+V l'4(Do4+Do-4)) re " Yo((
18

X [D2 +0M '„(D24+—D24)] g e„r„Y0(9„,$„)

X [D —20+ V )g(D 24+D 2 4 )]g e„r„Y0(0„,$„)
n

[D40+V' —,'. (D44+D44)] X e. rn Yo(()n 4n)
n

[D'—40+ V' —,', (D'—44+D'—44) l g e.r.'Yo((). 0. ) (41)

When an expression of the above kind is expressed in terms of the Eulerian angles a, p, and y, we get the following ex-
pression for the angle-dependent part of the crystalline field acting at the origin of the molecule-fixed coordinate system:

Vc,„,=K(0)[cos P+sin P(sin a+cos a)]
+It (2) [cos2y[( —1+8 cos2p —7 cos p)+cos4a(1 —cos p)]+sin2y[sin4a( —2 cosp+2 cos p)] I

+K(4) [cos4y[(1 —2cos P+cos P)+ —,
' cos4a(1+6cos P+cos P)]+sin4y[ —,

' sin4a( —cosP —cos P)] j . (42)

E(0), E(2), and IC(4) are the parameters describing the
barrier-hindering angular motion of the impurity (analo-
gous to the Devonshire K parameter for the diatomic
molecules). In fact (as will be seen later), this is the gen-
eral form of the crystalline field acting at the molecular
site. The parameters K(0), E(2), and K(4) can be ex-
pressed as the sum of a Coulombic, a polarization, and an
exchange interaction part as

&(0)=& (0),.„,+z (0),„„+re(o),„,„,
with similar expressions for IC(2) and K(4). It can be easi-
ly seen from the above analysis that the Coulombic con-
tribution to these parameters is given by

H(0)= —,
' g e„r„(35cos 8„—30cos 0„+3), (46)

H (2)= —,
' g e„r„(7cos 0„—1)sin O„cos2$„, (47)

H(4) = g e„r„(sin O„cos4$„) . (48)

2. Impurity-lattice polarization interaction

The charge distribution in the impurity produces fields
at the neighboring lattice points given by

Here, H(0), H(2), and H(4) are the components of the
molecular hexadecapole moment defined by

rc (o)c.„,=,gc.„,H (0),35 e
24 R

(43) H~ T ~S~ ~ T [S~+ 1 ~ T g[Sa Oe ~ a7I 7 3 ~ O7V 7V

7, V

35 e
32 R

(44)
'T, V, P

To7vp 7vp

&(4)c,„l=,gc,„,H(4) .
768 R' (45) 105 ~ o 7 vpq o 7 vpg 7.vpq

&)»p) 'g

(49)
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Here, the first, second, etc. , terms represent, respectively,
the 0.th component of the field produced by the impurity
monopole, dipole, quadrupole, etc. at the Hth 1attice site
of the crystal and F' ' is the total field. This field at the
Hth lattice ion will cause that ion to shift from its normal
lattice position and will also produce a distortion in its
electron cloud. These two effects are approximately
describable by a polarizability relation

~(S)' ~ (H) T(H)
WH ~P~

and

F(s)' y p (y(s)') —y y ( T(H)p(H))
H H o

~(&)' — y q q (y(s)') —y y ( T(H)p(H))
H H o.

(53)

(54)

(55)

(H) ~(H)F(H)
CT cr (50)

V e(S)~(S)' ~ (S)F(S)' ] ~ g(S)F(S)'
ind W ~Po cr 3 ~ a7 a7

O') 7

1 (S) (S)'
o)Pv)v

O)7)v

H (s) F(s)'
105 M o &VP rJ7.VP

o)&) v)p

(51)

~h~re p' ' is the electric potential at the impurity site be-
cause of the dipole moments induced at the various lat-
tice sites of the crystal. They can be expressed as

y(S)' —y (y(S)')
H

where

(52)

where p' ' is the ionic plus electronic moment of the Hth
lattice ion, and correspondingly o.' ' is the total polariza-
bility in the sense described by Roberts. In writing Eq.
(50), we are assuming isotropic polarizabilities for the
host lattice ions. The interaction energy of these induced
dipoles with the charge distribution of the impurity can
be written as

F(s)' y q q g (y(s)') y y ( T(H) (H))

H H o.

H

T(H) (H)
) (57)

Here, the tensors T are the same as those given in Eqs.
(29)—(32) and the primes on the F's signify that these are
the first, second, etc. , gradients of the electric potential at
the impurity site because of the induced dipole moments
in the ions of the host lattice. Now, because of the fact
that the various lattice ions are distributed around the
impurity with an octahedral symmetry, it can be seen
that the contribution to the net electric potential at the
impurity comes only from the dipole moments induced in
the various lattice ions because of the permanent hexade-
capole moment in the molecule. Similarly, a net contri-
bution to the first gradient of the electric potential at the
impurity site comes from the dipole moments induced at
the various lattice points because of the permanent octu-
pole moment in the molecule, and so on. Realizing this,
and taking full advantage of expressions (52)—(57), it can
be deduced that

(S)~(S) ~ (H)T T f ~ (S)~(S) ~ (H)~
IP5 ~ Pg ~ Pg ]g ~ P Pg~ o7 ovP7j

CT ) 7T) V,P, 'g H O) &) V)P)'TI H

o ) 7) v) p) 7I H
(58)

(59)
o ) &) v) p) 'g H

It can be shown that many of the 81 components of the tensor (T ), „, when summed over all the neighbors, vanish
identically and many of the remaining ones are equal. Specifically, we have the following nonvanishing terms:

18pa' '(T )1TTT8 kind'
H R

(H)( T2) 9

H R

(60)

where g;„d is defined as

~i '9I Xi

(R;/R)
(62)

Here, the summation extends over the different shells of ions surrounding the impurity molecule, g, is another she11
summation constant (analogous to p; of the previous subsection). The value of y, for the first few shells has also been
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mentioned in Table I. With this, the induction interaction energy of Eq. (59) becomes

18 e' )

~ind () ~ind ()
~(HXXXX+HYYYY+HZZZZ ) (HXXYY+HYYZZ+HZZXX )]105

(g (VXI.+XXX 2(+XYY++XZZ )]+l Yl. +YYY 2 (+YXX++YZZ )) +HZ(+ZZZ 2(+ZXX++ZYY)) ~

+
9 ( (OXX+ OXX+OXX ) (OXXOYY+ OYYOZZ+ OZZOXX XY OYZ ZX ) ~ (63)

——"8(0)~—
—",, 8(2)2),

K(2);„d=—
s [ ——'„'e' 'H(2)+ —'„'((t(0)Q(2)

——"8(0)8(2)], (65)

K(4);„d=— [ —,",', e' 'H(4) —",„'—8(0)] . —(66)

Here, p(0), Q(0), Q(2), 8(0), and 8(2) are, respectively, the
components of the molecular dipole, octupole, and quad-
rupole moments and are defined by

p(0) = g e„r„cosO„,
n

(67)

The molecular multipole moments mentioned above are
with respect to a space-fixed coordinate system with its
center at the molecular lattice site. These can be ex-
pressed in a way analogous to that of Eq. (38) for Hzzzz.
Next, adopting the same procedure as in the preceding
subsection, i.e., transforming the various spherical har-
monics from a space-fixed axes system to a molecule-fixed
axes system and taking full advantage of the molecular
Cz, symmetry, it is possible to write V;„d in a form simi-
lar to that of Eq. (42), with the corresponding coefficients
K (0);„d, K (2);„d, and K (4);„d given by

K (0) = — [ ——"e' 'H (0)+—"p(0)Q(0)

F(&) —~ (T(H)e(H) T (H))
o. ~ cr CT7 7

H
(74)

Because of the octahedral symmetry of the crystal, this
field vanishes identically. Consequently, this polarization
mechanism (within the framework of our calculations)
does not contribute to the anisotropy of the crystalline
field.

4. Exchange interaction

As has also been mentioned earlier, the only informa-
tion about the exchange interaction between two charge
distributions is its radial-dependent part, which can be
expressed as

Qe
—R /P

exch (75)

If the impurity's c.m. rests at the center of the halogen
ion vacancy, the exchange interaction, when summed
over the nearest-neighboring ions, shows no angular an-
isotropy, and as such, does not contribute to any of the
barrier parameters. However, if the impurity s c.m. is
displaced from the center of the halogen ion vacancy, the
exchange interaction does present angular anisotropy.
When this is considered in detail, it is seen that it gives a
contribution to the K(0) barrier parameter alone. This is
obtained as

I

the monopoles and dipoles at the various lattice sites of
the crystal, i.e.,

8(0)= g e„r„(3cos 8„—1),

8(2)= g e„r„sin O„cos2$„,

Q(0) = g e„r„(5cos 8„—3 cosO„),

(68)

(69)

(70)

K (0),„,h = 12be

K (2),„,„=0,
K(4),„,„=0 .

4

(76)

(S)
en .

Q(2) = g e„r„cosO„sin O„cos2$„, (71)

(72)

It may be mentioned that in the present calculations, ex-
change interaction does not give any contribution to the
K(2) and K(4) barrier parameters. This is due to the fact
that in our model, the CI is to lie on the twofold symme-
try axis of the NO2 impurity ion.

3. Electronic polarization of the impurity

The monopole and dipole fields produced at the impur-
ity ion site should also polarize the latter ionically as well
as electronically. The dipole moment induced at the im-
purity site can be written as

p' '(induced)=o-' )F( ) (73)

Here, I'' ' is the total field at the impurity site because of

IV. CQMPUTATION OF BARRIER PARAMETERS

For a model calculation, we shall first choose a plausi-
ble set of values for the various multipole moments of the
impurity, as was also done for the constants of exchange
interaction of Eq. (75). The impurity s dipole moment is
known from experiment to be 0.21 D. The others are two
quadrupole moment components 8(0) and and 8(2), two
octupole moment components Q(0) and Q(2), and three
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8(0)=e~P +2eo D

8(2) =2eoQ

Q(0)=e~P +2eo(D ,'DQ—)—,

Q(2) =2eoDQ

H(0)=e&P +2eo(D 3D G +—
—,'Q ),

H(2) =2eoQ2(D2 —' Q2)

H (4) =2eoQ",

(77)

hexadecapole moment components H(0), H(2), and H(4).
This makes the total number of adjustable parameters
seven apart from the constants of the exchange interac-
tion. If one considers a point-charge point-dipole model
for the impurity (see Fig. 5), then the various multipole
moments can be expressed as

p(0) =e~P +2eoD,

KCl:NO2 should be independent of the exchange in-
teraction.

(ii) As the oxygen atom is more electronegative than
the nitrogen atom, it could be concluded that an
effective positive charge resides on the nitrogen atom
while a negative charge resides on the oxygen atoms.

(iii) The third experimental result that we use is that
the minimum-energy orientational configuration of the
impurity in the KCl:NO2 system is one in which the
symmetry axis of the molecule lies along either of the
twelve (110) directions and the O-O axes lies along the
corresponding (001 ) directions. For KC1:NO2, this
has been conclusively proved by the electric-field and
stress-field-induced dichroism experiments. ' ' This
places the KC1:NO2 system under group IV [Eq. (5)].

(iv) Lastly, the experimental result which is used in
determining ez and eo is the observed dipole moment of
N02 in the KC1 crystal, which is 0.21 D and which is
attributed to the dipole moment about the c.m. This
gives

2e~a +e~I' =0.21 . (78)
where ez and eo are the charges assumed to be placed on
the N and 0 atoms of the impurity. This makes the en-
tire set of multipole moments expressible in terms of ez
and ez alone part from the known molecular structural
constants P, D, and Q (see Fig. 5). Earlier Sauer calcu-
lated the ratios of the K(0), K(2), and K(4) parameters by
assuming e~ =+0.07e and eo = —0.035e. Although his
attempt was more exact in nature (so far as the calcula-
tion of the energy eigenvalues of the hindered rotor was
concerned), he could not obtain good agreement between
the infrared results and the calculated values of the tran-
sition frequencies. This is because Sauer considered only
the charge-charge interaction and neglected altogether
the polarization and the exchange interactions. It has
been found that these latter interactions give significant
contribution to the barrier parameters. Rebane et aI.
developed a model on the above considerations in which
they took the charges on the impurity atoms as
e~= —0.36e and eo= —0.32e. We do not agree with
this choice, as oxygen is more electronegative than nitro-
gen. While in the former method of estimation, the
sum of the atomic charges comes to zero and the negative
electronic charge is taken to be placed at the c.m. of the
nitrite ion impurity, in the latter method it sums up to—e and thus all the ionic charge is taken to be distributed
on the impurity atoms. As the N—0 bond is only 6%
ionic, most of the charge must reside in the bonds.
Further, both these choices do not give the value of the
dipole moment in the case of KC1 as is obtained experi-
mentally. ' We have estimated these unknown parame-
ters (ez and eo) from one experimental result or the oth-
er. This should be a more plausible approach. The ex-
perimental results that we use for the purpose are the fol-
lowing.

(i) As has also been mentioned earlier, the exchange in-
teraction gives a contribution only to the K(0) barrier pa-
rameter, even if the impurity is off centered. There is ex-
perimental evidence of NO2 being on center in the KCl
crystal. ' Hence, the barrier parameters for the

V~„= 2K (2)——,'K (4—),K(0)
(79)

V()~ = —4K (2),

V()c = 2K (2) 2K (4)K(0)
(80)

(81)

Hence, according to the definition of the CI, we should
have

x=a
=0 and

avoc
Bx x=a

=0

and their second derivative should be positive. Here, a
denotes off-center displacement. These two conditions
give one and the same equation, viz. ,

Based on the above experimental results, we proceed to
estimate the value of ez and ez as follows. According to
the definition of the CI, we know that the anisotropy of
angular interaction for rotations about the CI is at a
minimum. From this we conclude that the barriers
hindering angular Inotion of the impurity for its rotation
about the 3, B, and C axes (see Fig. 5) passing through
the CI should be at a minimum. The rotation of the im-
purity about the 8 axis does not depend upon the off-
center displacement parameter. On the other hand, the
barrier-hindering rotation about the 2 and C axes does
depend upon the off-center-of-mass displacement parame-
ter. The expression for these barriers (written as V~~,
Vas, and Voc ) can be obtained by simplifying Eq. (42) for
rotations about the fixed axis in question. Expressions for
these parameters in terms of K(0), K(2), and K(4) for the
impurity orientations, as listed in groups I—IV [Eqs.
(2)—(5)], are presented in Table II for ready reference.

For group-IV directions,
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35 c,„,e
24

[20(0)—30(2)]+ iM(0) [20(0)—0(2) ]
8 R8

+ [28(0)—H(2)]+ I
—e [28(0)—9(2)]+4@(0) ] a

8 R8

35 kcoui + 39 kind p+ be
e + e ~ a =0.

12 R5 12 R8 +
3p4

(82)

In deducing the above expression, use has been made
of the fact that the parameters P, D of the impurity as
shown in Fig. 5 change to P+a and D —a due to oft'-

center displacement. Substituting these in Eq. (77) we ob-
tain equations relating the multipole moments of the
charge distribution about axes passing through its CI to
those passing through its c.m. as

p(0)ci=p( ) . . +a(
H(0)c, =iu(0), +2ap(0), +a (

—e),
@(2)ci=&(2),

Q(0)c,=Q(0), + 3a 0(0), +3a iM(0), +a ( —e),
Q(2)c, =Q(2), +a 8(2),

H (0)ci=H (0), +4a II(0), +6a 0(0),

+4a p(0), +a ( —e),
H(2)ci=H(2), +2aA(2), +a g(2),

H(4)c, =H(4),

(83)

35 co„ie
[20(0)—30,(2) ]

+ iM(0) [20(0)—9(2) ] =0 .

TABLE III. Impurity constants used in the calculations.

A (cm ')
B (cm ')
C (cm ')

1 intrinsic(

N—0, (A)
40—N—0 (deg)

eo
b (10 erg)

p (A)

4.22'
0.45'
0 43'
0.21b

1.24'
118'

0.059e'
—0.045e'

3.8'
0.345'

'Rotational constants about the three axes A, B, and C.
From Ref. 16.

'Obtained from known experimental results (see text).

Equations (82) can thus be used for determining the
values of a for the present systems of interest. Now, the
experimental observation that for the KC1:NO2 system
a=0, gives

When the various multipole moments in the above
equation are expressed in terms of eN and eQ and the
molecular structural parameters as detailed in Eq. (77),
we get a relation between eN and eQ and other known pa-
rameters of the system. This expression, when solved
with the help of Eq. (78), gives an estimate of the charges
on N and 0 atoms of the impurity. In our case, we have
calculated it to be eN=0. 059e and eQ= —0.045e. With
these values of the fractional charges on the nitrogen and
the oxygen atoms and the known structural parameters
of the molecule (see Table III) the various components of
its multipole moment are evaluated. These are given in
Table IV. The rest of the charge of the impurity, viz. ,

e& = —e +eN+eQ (85)

can be attributed as being placed at the center of mass of
the impurity molecule.

The barrier parameters can now be easily calculated
for the KC1:NO2 impurity in other crystals; the value of
the off-center-of-mass displacement parameter a is first
calculated as usual from Eqs. (43)—(45), (64) —(66), and
(76). The calculated values of these parameters for sys-
tems of interest are given in Table V.

V. RESULT AND DISCUSSION

A. Impurity orientations

The sign and the relative magnitudes of the barrier pa-
rameters allow us to predict the minimum-energy orien-
tational configuration of the impurity. As E(4) is nega-
tive for the systems of interest here, we refer to Fig. 4 in
this work for discussion. The relative values of the bar-
rier parameters, i.e., (K(0)/~K(4) ~, K(2)/ K(4)

~
) in the

case of the KC1:NO2 and the KBr:NO2 systems, are

p(0), (D)
g(0), (D A)
0(2), (D A)
A(0), (DA )

A(2), (DA )

0(0), (D A )

0(2), (D A )

H(4), (D A )

+0.21
+0.284
—0.488
—0.114
+0.095
—0.141
—0.057
—0.552

TABLE IV. Computed values of multipole moments of
NO2 about the center of mass used for the calculation of the
barrier parameters.
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TABLE V. Calculated values of the barrier hindering angu-
lar motion parameters and off-center-of-mass displacement pa-
rameter for the NO2 impurity in different crystal lattices.

a (A)
K(0) (cm ')
E(2) (cm ')
K(4) (cm ')
Vo~ {cm ')
Vog (cm ')
Vo& (cm ')
Voc (cm ')
Voc (cm ')

KC1:NO~

0
—88.12
—33.65
—80.86

46.34
134.60
138.61
184.96
34.75

KBr:NOq

—0.08
2.00

—17.82
—69.10

56.39
71.29

118.46
174.85
42.29

KI:NOq

—0.15
188.14
—0.25

—47.37
118.11

1.02
81.20

189.32
81.09

(
—1.10, —0.42) and (0.03,—0.26), respectively, which

places these impurity systems in group IV, for which the
symmetry axis of the molecule lies along either of the
twelve (110) directions and the 0—0 bond parallel to
the corresponding (001) directions. For the KC1:NO2
system, this has been conclusively proved by the eleetric-
and stress-field dichroism experiments. " Interestingly,
the relative values of the barrier parameters in the case of
the Kl:NO2 system are (3.94, —0.005), which places this
system in the doubly shaded region of Fig. 4, predicting a
simultaneous occurrence of potential minima along
group-III and -IV directions. This will have an impor-
tant bearing on the infrared results, which are taken up in
further discussions.

B. Off-center-of-mass displacement

In KCl, the nitrite ion sits at the normal lattice site, as
concluded experimentally by Sack and Moriarty. ' We
have used this result to obtain the values of the fractional
charges eN and eo. Also, in the case of the KI:NO2
system, Sack and Moriarty measured its dipole moment
as 0.97 D. This large value of the dipole moment is due
to a large off-center-of-mass displacement of NO2 from
the normal lattice site in the KI crystal. Narayanamur-
ty' explained this large off-center-of-mass displacement
by assuming that the nearest I ion in KI is highly polar-
ized and attracts N towards itself. But such a displace-
ment will give the dipole moment opposite to the intrin-

0
sic dipole moment, and must be as large as 0.25 A. Our
calculations predict a displacement by 0.15 A of the im-
purity c.m. along the (110) direction in the KI:NOz
system. This gives an additional dipole moment of 0.72
D to the molecule in the lattice. Also, the sign of the dis-
placement parameter a shows that the direction of the
displacement dipole moment is the same as that of the in-
trinsic dipole moment of the impurity ion. Thus the
resultant dipole moment of the impurity ion in the KI
lattice becomes (0.72+0.21)=0.93 D. This can be taken
as a fairly nice agreement between the calculations based
on the model in this work and the experimental results. '

Our calculations for the KBr:NQ2 system shows that
in this case also, the impurity ion is displaced by about
0.08 A from the normal lattice site. The value of the dis-
placement dipole moment in this case becomes 0.38 D.

The resultant dipole moment of the impurity in this sys-
tem becomes (0.38+0.21)=0.59 D. Experiments deter-
mining the resultant dipole moment of this impurity in
KBr have not been performed. Infrared and other spec-
troscopic studies do not conclusively predict the off-
center configuration for this system. However, there are
speculations" that the NO2 ion sits at a slightly off-
centered position in the KBr lattice. Our discussion for
the infrared data also supports this point of view.

C. Infrared spectra

where

VD„= —2K(2) —
—',K(4) . (87)

This form of the potential [Eq. (86)] is the same as that
proposed by Evans and Fitchen or Avarmaa and Re-
bane. ' However, it is different from the one used by
Narayanamurty et al.

For the rotation about the C axis, the plane consisting
of the molecule does not change and the molecule rotates
about an axis perpendicular to its plane. For this rota-
tion the crystalline field reduces to

Voc Voc
Vc = (1—cos2$c )+ (1—cos4$, ), (88)

VDC
= —2K (2) —2K (4),K(0)

(89)

V' = ——,'K (0)——,'K (2)——,', K (4) (90)

The values of the parameters Voz and Voc have been
mentioned in Table II for the systems of interest.

For rotation about the B axis, the crystalline field
reduces to

Vox Vox
Vc = (1 —cos2$b )+ (1—cos4$„), (91)

where

With the calculated values of the barrier parameters
and the form of the detailed crystalline field, it is now
possible to extend a reasonable explanation for the in-
frared studies also. The infrared spectra of these systems
consist of the v„v2, and v3 (see Fig. 1 of Ref. 16) internal
vibrational lines, which are accompanied by the rotation-
al fine structure. Moreover, as has been suggested also by
Narayanamurty et al. ,

' we can treat the rotations about
the three axes of inertia independently. Under such an
assumption, the v, and v2 vibrations are expected to be
sensitive to the rotations about the 2 and C axes and not
to that about the B axis. Similarly, the v3 vibration will
be sensitive to the rotations about the B and C axes and
not to that about the A axis. Let us consider these rota-
tions separately.

For the rotation about the 3 axis, the crystalline field
potential [see Eq. (42)] reduces to

Vow
Vc = (1 —cos4$, ),
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Vo~: 4' (2)

Vo~ =",&(4)

(92)

(93)

If the barrier parameters Vox, Voa, Voc, Voc, etc. , are
high enough, the molecule will not be able to perform
free or hindered rotation, but will at best librate about its
mean equilibrium orientation. These librational frequen-
cies can be worked out very well in terms of barrier pa-
rameters Vog Vpg etc. , and the rotational constants A,
etc. , and are summarized in Table II for ready reference.
The infrared results for the impurity systems of our in-
terest are obtained as follows.

1. The KCl:NO2 system

Q
QJ K
I—Z
Q C)
X H
QJ W

CL
CQ)—

~n =1, 2B~

n =1,2B,
n= 0,2B2
n =1,1E~n=1 QA

n= 0, 2B2
n =0, 1E
n = 0, 0A)

For this system, the value of the ofF-center displace-
ment parameter a is zero. Hence, it is reasonable to think
that in KC1, the various angular motions are taking place
about the principal axes passing through the center of
mass. Figure 6 represents the energy-level diagram for
the NO2 molecule in the KC1 for the simultaneous rota-
tion of the molecule about the 3 and C axes. For rota-
tion about the C axis, it should be mentioned that this ro-
tation is highly hindered. This is because of the large
values of barrier parameters Vo~ Mid Voc and the small
value of the corresponding rotational constant. Thus,
about the C axis the molecule can only librate in either of
the two equivalent well minima. The librational frequen-
cy is given by

v (hb) =2[( Voc+4VOC)C j (94)

which turns out to be 23.6 cm ' for this case. Each li-
brational level mill be twofold degenerate, corresponding
to the localization of the molecule in either of the two
wells. However, the molecule can tunnel quantum
mechanically into the other well. This splits the individu-
al librational level. The tunneling splitting can be calcu-
lated with the help of the barrier parameters calculated in
this work (Table V) and the standard tables of Mathieu's
eigenvalues. The tunneling splitting parameter for the
present case turns out to be 0.0013 cm '. This is too
small to be resolved in the infrared spectra or to give any
appreciable width to the individual vibrational-rotation
lines corresponding to the rotation of the molecule about
the 3 axis. Thus, we come to the conclusion that the lev-
el structure of the impurity for the explanation of the v&

and v2 bands will be as follows. The ground vibrational
level will have torsional oscillator structure correspond-
ing to the torsional motion about the C axis. Then the
ground and the first, etc. , excited torsional levels corre-
sponding to the libration about the C axis will be further
split into the A &, E, B&, and B2 structure, because of the
simultaneous rotation of the molecule about the A axis.

It is reasonable to assume that the structure and other
parameters of the molecule remain more or less the same
in the first excited vibrational state also. Hence the same
librational-rotational level structure will be seen with the
first excited vibrational level also. Figure 6 comprehen-
sively illustrates this. Table VI presents the calculated
frequencies of the various allowed transitions and com-

LLj

I—
V)

Z g
O o

m
O

~n =1,2B (52.6crn ~)

~n=1, 28
n=0, 2B

~ n=l s1E
n=1, OA

n =0)2B
n =0) lE
n =0)OA

(32.0 cm ")
(29 Ourn-')
(26.6cm ')
(23 6crn )

(8.4crn ')
(3.0 cm ')
(0.0crn ')

FIG. 6. Level structure for the ground and first excited vibra-
tional state of the NO2 impurity in the KCl lattice correspond-
ing to the simultaneous rotation about the A axis and libration
about the C axis. These have been obtained with values of Vo~.
V«, and Voc as mentioned in Table V. Hence, n designates the
harmonic-oscillator quantum number corresponding to the li-
bration about the C axis and A &, E, B&, and B2 are the designa-
tions of the level structure corresponding to the rotation of the
molecule about the A axis. The arrows represent the allowed
transitions, thermally populated at the temperature of our in-
terest.

pares them to the experimental values. Table VII
presents the calculated relative intensities of these lines at
2 and 15 K and compares them to the experimental re-
sults. From Tables VI and VII, it can be seen that the
calculated values of the line frequencies, their relative in-
tensities at one temperature, and the variation of these in-
tensities with temperature agree very well with the exper-
iments.

We now come to the discussion of the fine structure ob-
served with the v3 band. The fine structure in this case is
to be explained in terms of the rotation of the molecule
about the B and C axes. From the calculated values of
the barrier parameters (Table V), the librational frequen-
cy about the C axis turns out to be 23.6 cm '. A sum sa-
tellite at about 24 cm ' from the band center has indeed
been observed. The corresponding difference satellite will
naturally be too weak to be observed. The sum and the
difference satellites at 4—5 cm ' from the band center
have been interpreted by Narayanamurty et ah. ' to arise
because of the librational motion of the impurity about
the B axis. Librational frequency about the B axis is
given by
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TABLE VI. Assignment of the transitions associated with the v& and v2 vibrations in the KC1 host
lattice.

Transition'

Calculated
frequencies

Observed
frequencies

O,OA i
—0, 1E

0,1E—0,2B i

0, 1E—O, OA,
0,2B i

—0, 1E
0, 1E—0, 2B2
0,2B~ —0, 1E
O,OA l

—1,0A,
0,1E—1, 1E
0 2B& —1 2BI
0,2B2 —1,2B2
O,OA, —O, OA l

etc. [Q(0) branch]

1330
1332.4
1324
1321.6
1353
1301

1350.6

1327

806
808.4
802
797.6
829
777

826.6

803

1329
1332
1325
1322

1349

1327

805
809
801
797

817

803

'For designation of the levels, see the caption to Fig. 6 and the text.
bReference 16.

vb(lib) =2[( Vo~+4VO~ )B ] (95) 2. The KBr:NO2 system

From the calculated values of the barrier parameters, the
librational frequency about the B axis in our case turns
out to be 35.2 cm '. Hence, in light of the present calcu-
lations, we can say that the sum and the difference satel-
lites at 4—5-cm ' separation cannot arise because of the
librational motion of the molecule about the B axis. At
the present moment we are not in a position to present an
alternative explanation to these absorptions other than to
say that, probably, in the solid state some of the forbid-
den transitions might become allowed. In fact, our ina-
bility to extend an explanation for this might be because
of the fact that we are treating the rotations of the impur-
ity about the three axes independently. A better ap-
proach demands the solution of the rotational levels of an
asymmetric top molecule of C2, symmetry in an octahe-
dral field. This was attempted by Sauer, but the calcula-
tion of the ratios of the barrier parameters was too simple
and approximate to provide a detailed explanation of the
experimental data. Work in this direction is in progress.

Transition
(cm ')

Calculated relative
intensity'

15 K2 K

Observed relative
intensity"

K 15K
805
801
809
797

89
10
10

1

46
34
34
20

85
14
17

1

57
37
34

7

'In arbitrary units.
From Ref. 16.

TABLE VII. Calculated and observed relative intensities of
the various lines in the rotational fine structure of v& and v& vi-
brations of the KCl:NO2 system.

For this system, the experimental results regarding the
rotational fine structure of the vibrational lines are simi-
lar to those observed in the KC1:NO2 case. The
difference is that the fine-structure lines are more closely
spaced. This is qualitatively consistent with our calcula-
tions, where we get larger values of the barrier parame-
ters and smaller rotational constants. We have con-
sidered the CI as the point about which the angular an-
isotropy of the interaction is at a minimum. Obviously, a
molecule left to itself in the lattice will perform various
angular motions about the CI and not the c.m. This will
make the effective rotational constants for the impurity's
motion about the 3 and C axes smaller and the corre-
sponding fine-structure lines are more closely spaced.
Figure 7 represents the energy-level diagram of the
KBr:NO2 system for the simultaneous rotation about
the A and C axes. Quantitatively, Table VIII gives the
calculated positions of the line frequencies as obtained
from the barrier parameters given in Table V. It can be
seen that the sum and the difference satellites at about 1

cm ' observed with the v, and v2 lines are well ex-
plained. The transition corresponding to the librational
motion of the molecule about the C axis has been ob-
tained to occur at 822.8 cm ', whereas that experimen-
tally observed is at 815 cm '

~ Moreover, the other lines
at 808, 809.5, and 811 cm ' are not accounted for in
terms of the present calculations. Quite likely, they may
be associated with the combined translational-librational
motion of the impurity in the lattice vacancy and may
owe their explanation to an approach similar to that of
Bilz et a/. , with the inclusion of a possible rotation-
translation coupling (see also the discussion of the
KI:NO2 system).

3. The Kl:NO2 system

Many experiments have been performed for this sys-
tem. Narayanamurti et al. ' summarized the available
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TABLE VIII. Assignment of the transitions associated with the v~ and v2 vibrations in the KBr host-
lattice.

Transitions'

Calculated
frequencies

Observed
frequencies

O,OA i
—0, 1E

0,1E—0, 2B,
0,1E—O, OA,
0,2B i

—0, 1E
0,1E—0,2B~
0,2B2 —0, 1E
00c4] —1 OA&

0, 1E—1, 1E
0 2B& —1 2B]
0,2B2 —1,2B2
OOA l

—O, OA l

etc. [Q(0) branch]

1320.1
1320.2
1317.9
1317.8
1377.0

11261

1343.3

1319

799.6
799.7
797.4
797.3
856.5
740.5

822.8

798.5

1320

1318

1319

799.5

797.5

815

798 ~ 5

'For designation of the levels, see the caption to Fig. 7 and the text.
Reference 16.
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n = 1)2B)

n = 0, 2B&

~n = 1,2B)
n =1, 1E
n= 1, 0A,

n = 0,2B&
n =0, 1E
n =o,'oA,
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n = 0, 28& (59.1 cm')
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=1 OA {24 3cm')
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n

= 0,2B (2.3cm,')
= 0,1E (1.1crn )
= O, OA (0.0cm

FIG. 7. Same as Fig. 6, but for the NO2 impurity in the
KBr lattice.

experimental results for this system (see Table III of Ref.
16). A possible explanation of the various absorption
peaks presented by Bilz et al. was shown to be unsuit-
able in Ref. 16, as it was considered an unreasonably
small value of the 0—N—0 bond angle. Narayanamurti
et al. ' presented an alternative explanation in terms of
libration of the molecule about the 2 and C axes, to
which the free rotation about the B axis is coupled. In
their explanation, they concluded that the barriers
hindering different angular motion in this case should be

large compared to the corresponding barriers in the case
of KCl:NO2 system. Our calculations support this
point of view. The large value of the off-center displace-
ment decreases the rotational constant and, as a result,
the rotational fine structure will not be observed. Howev-
er, in view of the various limitations of our model for the
calculation of the barriers, it may not be worthwhile to
attempt a detailed point-to-point explanation of the in-
frared work. As all the barrier heights are large in this
case, the rotation about all three axes will be remarkably
hindered. As such, three librational lines are expected.
However, Narayanamurti et al. ' have observed alto-
gether six lines at 53, 63, 71, 79, 137, and 206 cm '. In-
terestingly, our calculations put KI:NO& in the category
in which the impurity can have two sets of orientations
simultaneously —along groups III and IV. It is speculat-
ed that these six lines are due to the libration of the im-
purity about the three axes in the above-mentioned two
orientations. Our calculations give the librational fre-
quencies about A, B, and C axes as 82.7, 24.2, and 28.7
cm ' for the group-IV orientation and as 46.4, 68.4, and
28.2 cm ' for the group-III orientation. It can be as-
sumed that the lines observed at 53, 71, and 79 cm ' cor-
respond to 46.4, 68.4, and 82.7 cm ' of our calculations.
At the present moment, we are not in a position to say
anything more than this for the KI:N02 system. A
more systematic approach will be to consider the com-
bined translational-rotational or librational motion of the
molecule in the field of octahedral symmetry. As experi-
ments (and also our calculations) predict that the NO&
molecule sits off centered in this lattice, and that the vari-
ous rotations are taking place about the CI and not about
the c.m. , it may be essential to consider a possible rota-
tion or libration-translation coupling of the molecular
motion. This kind of a coupling has been found to ex-
plain most of the experimental results in the HC1:Ar, etc. ,
type of systems at 4.2 K. ' Quite likely, it is possible
that an approach similar to that of Bilz et al. and
which also incorporates a possible rotation-translation
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coupling may explain all the experimental observations
simultaneously. Work in this direction is in progress.

VI. SUMMARY

Theoretical investigation of the model potential leads
to the conclusion that the NO2 impurity can have four
types of orientations in the alkali halide lattices. Interest-
ingly, for some sets of relative values of the barrier pa-
rameters, the impurity can orient simultaneously in two
crystallographic directions.

From the results obtained on the basis of the micro-
scopic model developed in Sec. III and the discussion
that follows, it is concluded that in KCl most of the
features of the infrared spectra are explained in terms of
the rotational motion of the molecule about different
principal axes of inertia. The translational motion of the
impurity does not provide any resonant or localized mode
absorption in the frequency range of our interest. Also,
the translational motion does not influence (or couple) to
the rotational motion of the molecule about different axes
of inertia. In KI, the picture is different. Here the im-
purity is considerably off centered and performs different

rotations about the axes passing through the center of in-
teraction. In such a situation, the rotational and the
translational modes of the molecule get coupled. This
coupling should in some way be proportional to the off-
center displacement parameter a. This gives rise to a
complicated infrared spectra for this system. In
KBr:NO2, the impurity is again off centered but not to
the extent that it was in KI:NO& . Hence, in this case
also, the explanation of things in terms of the rotational
motion alone does not meet with as great a success as in
the KC1:NO& case. We believe that our calculated
values of the barrier parameters, etc. , are significant and
what is needed to be done now is to build a theory that
considers the coupled rotation translation of the molecule
in the field of octahedral symmetry.
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