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ABSTRACT

Raman scattering of light from representative alkali halide
crystals containing CN™, NO,”, OH™ and OD” impurities is reported
and analyzed, The observed spectra have a low frequency range, in
which the scattered light is usually shifted from the incident light by
less than 300 to 400 cm-l, and a high frequency range in which the
shifts are typically 1000 to 2000 cm-l. Although the low frequency
region does not readily lend itself to quantitative analysic it is clear
that its main features can be interpreted in terms of a mixture oi
second order scattering from the pure host, impurity induced first
order scattering that results from pzrturbing the pure host, and
scatter ing from the rotational degrees of freedom of the molecular
impurity,

The high frequency region, on the other hand, consists of

sper* . whose frequencies are characteristic of the internal normal
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coordinates of the molecule, A very narrow totally polarized line

with depolarized sideband structure is generally observed, Tne sharp
centra! component is at the frequency of an internal molecular normal
coordinate and, typically, has a linewidth of one cm'l. It is little
affected by the type of host or changes in temperature, It is found

that the sideband structure gives a measure of the molecular rotational
dynamics, Depending on host and impurity, the observed characteristic
behavior varies from nearly free rotation to heavily trapped librational
motion,

The techniques employed here, both theoretical and exper'-
mental, demonstrate and define the rather broad usefulness of the
Raman effect in studying systems of an analogous naturc as in, for
instance, molecular motion in liquids and liquid crystals as well as

molecules in solids,
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I. Introduction

In this paper we discuss the application of spontaneous Raman
scattering techniques to the study of rotational motions of molecules.
Although the systems studied were restricted to selected molecular
impurities in various alkali halide single cr rstals, the results suggest
that observations and analysis similar to what we report here will
enable one to also study rotational motions of other molecular systems,
including liquids, () The particular impurities and host crystals
chosen for detailed examination were CN~ in KCl, KBr and NaCl as
well as OH™ and OD™ in KCl, In addition less extensive observations
were made on these same molecules in other hosts and also on NOZ'
in representative crystals, The choice of these systems for the present
work was partially made on the basis that they had previcusly been
studied by a variety of other methods and although a good deal was
already known of their rotational kinetics, a number of questions had
not yet been satisfactorily answered, {Eelle) The consistency between
conclusions drawn from the present measurements and previously
published results of others is some measure of the general suitability
of Raman scattering for quantitative measurements of moiecular rota-
tions,

Extensive studies; includiag near infrared absorption, stress, and
specific heat measurements, have been performed by Seward and
Narayanamurti on CN~ doped samnles, (2) The detailed structure of the
absorpticn bards in the vicinity of the internal stretching mode of the

CN~ molecule (near 2000 cm-l) was used to determine some ; .atures

of the molecular rotational motion, The conclusion was that the CN~
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molecule in KC1, XBr, and RbCl is a relatively free rotator which could
be successfully treated by the Devonshire model, (14) In the case of CN”
in NaCl and NaBr, the results were inconclusive, but it was supposed
the molecule is relat'vely heavily trapped in a given orientation, Vacancy
and entropy studies showed that the CN~ molecule generally substitutes
for the anion of the host, Stress measurements indicated that the minimum
energy directions for the CN~ molecule are along (100 directions of the
crystal,

Near infrared abs‘orption stuides in the vicinity of the Oil” stretching
mode {~ 3600 cm'l) have been reported by Klein and co-workers, (3,4)
Structure on this absorption hard was interpreted to suggest that the
molecule has lower energy ex :itations: one near 300 c:rn'1 and one near
30 cm'l. These two excitaticns together with the ground state splittings,

2
have been found to be inconsistent with the simple Devonshire model, (2

lll

The "30 cm™ " excitation has been directly seen as an absorption band in

the far infrared by Bosomworth for a few OH  doped systems, (5) The

30 cm-l excitations can also be correlated with observed changes of the

(3)

thermal conductivity of OH™ doped samples, The ground state tunnel-

ing splittings of KCl:OH  have been estimated using paraelectric reso-

(6) () (8)

nance by Bron and Dreyfus, Feher et a and Shearer and Estle,
Direct microwave absorption measurements of the tunneling levels in
KC1:OH™ and NaCl:OH™ have been performed by Scott, (?) He has
specalated that an extra term in the Devonshire expansion of the crystal
potential can be used to explain the tunneling levels as well as the 30 cm"=1
and 300 cm-l excitations, Measurements of electric field induced

dichroisms in the OH™ U, V, absorption bands have indicated the hydroxyl
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ion substitutionally recplaces an anior of the host with equilibrium direc-
tions of the molecule's axis pointing along (190} directions, (10-12)
Narayanamurti et al“3) have made =xtensive infrared and thermal
conductivity measurements on alkali halide systems doped with NOZ'
and NO,", In the NaCL:NO,~

performing only a small librational motion even at room temperature,

system, the molecule is heavily trapped

For KCl:NOZ' and KBr:NOZ', energy levels corresponding to free rotation,
libration, and tunneling were found, In the KI:NOZ' system, considerable
translational motion was suspected, In general for NOZ' the CZ axis of

the molecule (this system has a bent structure like HZO) was found to

liec along {110) crystal axes directions in its eguilibrium configuration,

The organization of the paper is as follows, The next section
contains some theoretical conasiderations applicable to the particular
systems studied here, In addition the formulism that was found to be
most convenient for a detailed discussion of the experimentally observed
light scattering properties of molecular impurities is specified, The
formulism in this section will be kept as general as possible since we
believe its convenient form is directly applicable tc a large variety of
other physical systems., Section IIl contains a description of the important
components of the experimental apparatus as well as a description of the
samples used in this study, The experimental results are discussed in
scections IV and V, Here specific physical models for each impurity host
system will be given, The formulism described in section II wiil be
employed in order to relate the proposed models for the impurity motions
to the observed spectral features, The discussion in sectiou IV will

cancern only low frequency scattering {< 500 cm-l) where the internal

it
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normal coordinates of the molecule are not excited, This is found to he
not very useful in understanding molecular rotaticnal motion, 7“1 scction V
we will discuss higher frequency scattering (-~ 100C cm-l) in the vicinity of
the eigen frequencies of the internal normal coordinates, Sidebands
accompanying the Raman scattering of the internal normal modes give

quite detailed information on the molecular rotaticnal motion,

1I. Theoretical Consideration
A, Scattering Equétions

The scattering theory used here is based on a semicliassical

appronach that has been desc.'ibed by a number of authors, (=)

Although
effect of the finite optical wavclength is neglected, this can be justified

and the theory has yiecided good results for Raman scattering of all orders
for crystals of the rock salt structure as well as others, One may assume
the Raman scattering is due to an ensemble average of identical molecules
that do not interact with each other multiplied by ihe total number of mole-
cules, M, which takes part in the scattering, Then, following Born, (o)

the intensity of scattered radiation per solid angle, frequency shifted by

w from the laser centered at Wy is given by

nw, + w? / - 4
I = —2 ? Wl LWE,"E (2-1)
O e SRR L i Ey

%
where c is the speed of light, n is the unit vector describing the pc'ari-

zation of the scattered radiation, and (E+)z and E-)k = (E+)lr. are the 4
and k components of the amplitudes of the positive and ncgative fre-
quency components of the incident radiation's electric field, The

functions Iik kl(w) are fourth rank tensor expressed by
?
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Iik-jz(w)zznmz exp(-Em/hT)<n|aik,m)<m}aﬂ]n>J(u-k (E_-E ) (2-2)

where m and n denote the eigenstates of the approximate Hamiltonian
that is taken to represent vibrational and rotational moticns of the mole-
cule and its environment and Z i< the partition function associated with
these eigenstates, Viewing the polarizability gas a time dependent

operator in the Heisenberg representation, this equation can also be

written as“g)
-]
- -1 r s ‘-iwt/
Iik'jﬁ(w) = 27 ; At \cjﬁ(t)c.lkm)) (2-3)
-

where the brackets denote a thermal average. Under the assumption
that the exciting frequency, Wy is not near any absorption band of the
molecular scatterer, Cljz i8 taken to be a real, symmetric tensor, In
hi . (2-3) satisfy I, .,=1 . _ =1 .,
this case the Ilk,]i from Eq, ( ) satisfy Ilk,]l Ikl,]l lik, ¥ and

I Since it has been assumed that the measurements

ik, je = L, ik

reflect a large number of scattering events from individual impurity
centers {an ensemble average). the functions Iik jzwill transformn
according to the site symmetry of the environment of the impurity.

For the particular systems here, the site symmetry is 0 Since the

hl

functions Iij k2 have the same symmetry properties as the elastic
L

constants, one can make use of the well known properties of the

elastic tensors for cubic crystals tc demonstrate that for the Oh point

group there are only thrre independent functions namely Ixx, xx(w). Ixx, Yy(w).

and Ixy xv((«J). (20) The %, vy, 2 laboratory a:te chesen to coincide with the

(100) axes of the host,

i
i
I;

i
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In general the time dependence of the a, (1) is far to complicated to
discuss without some simplifying assumptions. For the particular systems
stulied here, the observations arc consistent with the assumption that the
internal vibrational coordinates of the molecule do not couple to either the
rotational or translational motion of the molecule as a whole, i.or to the
vibrational zoordinates of the medium surrounding the molecule, Clearly,
this assumption is not rigorously true; nevertheless, {or the systems
studied here, the observed Raman spectra do not appear to be significantly
influenced by this coupﬁng, Without claiming this assumptior to be
generally true for all systems, it is clear that the sy.tems studied here
are not unique in this respect, Where ever else this assumption proves
to be applicable the techniques described lLiere will yieid direct informa-
tion on the rotational moticn of molecules, It remains for future research
to determine just “ow widely it will be applicable, Under this assumption

the polar.z. bility associatel with an isolated impurity molecule can be

represented in the form

_.0 ~ v v
“ij =Q i + 5__ [aaij/aQ ]QV- Q. (2-4)

v=l -

The term aoij describes contributions to the polarizability tensor arising
from the orientation of the rigid molecule /i, e, neglecting the internal
vibrational coordinatesa), the translation motion >f the molecule's center

of mass, and the interaction between these and the vibrational coordinate=s
of the media surrourding the molecule, The fQ'Y forv=1l,....r represent
the internal vibrational coordinates of the molecule, assuming there ave "r"

of them The coefficients [Baij/BQV] y arz assumed to be solely dependent
o




on the molecule; and, in the molecule's reference frame ""MF'', these
are just constants,

We may wriic the general eigenstates that appear in Eq, (2-2) in
the form |n) =|2) ﬁ- }Nv) where the HN\))} are simple harmonic
osciliator wave fun:t;:ms appropriate to the internal molecular mode
QY and |8) designates all other quantum numbers of the system including
the orientational and the other vibrational coordinates of the impurity-
host system., In order to consider scattering where only one of the Nv
changes by +1, i. e, Stokes scattering in the vicinity of an internal
molecular mode, defirn:

a¥y; = [aaij/aQ“]szoo" : (2-5)

\Y

Then ti - matrix element a° (MF) = (N_ = 0|a
ij \Y Y

ij|N =1) (2-6)

is a constant when the coordinates (ij) refer to the molecular frame of
reference, MF, It is not necessary to calculate the numerical values
for the {avij(MF)}; their from follows directly from symmetry considera-
tions, (15, 17)
In order to calculate the Raman spectrum from Eq. (2-2), these
tensors must be rotated into the laboratory frame which, in all cases,
will be defined by the {100) axes of the host. In a more complete calcula-
tion, it would also be necessary to take into account the translational
motion of the molecule. For our purposes, it can be shown that to a good
approximation the translational motion can be neglected in the present

{

discnssion, 2h) The effect of this is that in discussing models of the
possible types of molecular motion, all models which have equivalent

rotational motion, regardless of the translational motions, predict the

"
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same spectra for Raman scattering in the vicinity of an internal stretch-
ing miode,

In cases where uvii(MF) is not isotropic the polarizability of the
molecule as <een in the laboratory frame is a function of the Eulerian
angles that relate the MF frame to the laboratory frame, Schematically
denoting these angles by {2 the rotation of avij(MF) into the iaboratory
frame can be written formally as |

a¥ = Rz IMFIR F(@) | (2-7)

~ ~

where R(Q)} is the appropriate rotation matrix, We then have that the
Stokes scattering in the vicinity of the Vth stretching mode has the fol-

lowing form in the Schrodinger picture,

v _ : -1 wlel -V (avigl AV g
I ik,jﬁ(w) —Z ’(Z Zint) CXP(-Eg/kT 114+ |2 ':k" l\gla jl" )

=
-

e

. -1 (2-8)
x H[(w tw - h (E? - E?,)}
where the labels 7' and ® define the rotational and vibrational eigenstates
which do not include the molecular internal modes,
The avij in Eq, (2-8) are related to the avij(MF) defined by Eq. (2-6)
through the unitary traasformation specified by Eq, (2-7), The eigen-
frequency of the v mode is W . Inthe Heisenberg picture

A . 1 . v v .
I ik,_’l(u) =2_nJr dt exp[-it(w +wv)](a jz(t)a ik(o), (2-9)

where the time dependence of aviz(t) is just the time dependence that
results from transforming Eq, (2-6) into the laboratory frame of reference,
It is a matter of the convenience of a particular calculation as to the

choice of either Eq, (2-8) or (2-9), In general if e.;plicit knowledge of the
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wave functions of the system arc known, then the Schrodinger form of the
polarizability used in conjunction with Eq. (2-8) will cxactly define the
scattering results, However, in many cases this type of information is

not available and then the Heisenberg formulation of (2-9) may be more
useful, In particular it is often possible to exploit the formal similarity

of this scattering equation with its classical analog in which case the
brackets are interpre‘ed as a corrrelation function and treat the motion

of the molecule by classical or semiclassical arguments, This serves

in r'nany cases to give a reasonable description of the experimental results,
It may be noted the rctation matrices R(Q2) of Eq. (2-7) are time independent
when viewed ir the Schrodinger picture or time dependent in the Heisenberg

picture. In this latter case, we have :nlicitly
\Y v +
& (t) = RiQ(t)a (MF)R T(Q(t) . (2-10)

These rotation matrices are rather involved, and for this work it has
been found to be more convenient to treat each impurity host system
separately as a special case where some symmetry argument could be
exploited, A representation of the general form of Eq. (2-7) in terms of
the Eulerian angles is given later in this section,

A simplification of Eq. (2-9) can be made as follows:

2 (MF) =T 4 gV (MF) (2-11a)
where

1 v
a =3-Tr 2 (MF)
Tr B"(MF) = 0 (2-11b)

and I is the identity matrix, Any second rank tensor may be so decomposed.

Using Eq. (2-10), we have
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(2-12a)
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‘(6 = R(2AE (MR (2t | (12-12b)

-~

The scattering is described in terms of the Fourier transform of the

correlation functions

(2”0 = (37 +3717 270,
(2-13)

)
v

()

-
-~

A

(t)>~3 + \'(0)/ 5

den

Now (_év(twis a second rank tensor which must be invariant under all
operations of Oh symmetry, In this case 1t is easy to show that anv

second rank tensor must be proportional to the identity matrix, This
taken with the fact th.t Tr °(t) = O (this holds for all times as can be

seen by noting Eq. (2-11b) and also that the trace is invariant under

unitary transformation) implies that {£(t', = {£(0), = 0, Thus

/ Y v — Z: s . /-\r ~ 'y
g = Sgpoo + 7z, ()= 214
{a J.L(t)m ik(0)/ (27) ji” k ]L(t) ik(O)/ (2-14

and we have from Eq., (2-9)

. N =2

i,ié(u +u7)

“ik j
- -]
1271 f dt exp[-it{w + « K £ (DE°. (0},

‘, v 1% ik

-®
where iij is the Kroniker delta function, There are. then, in cases
where the polarizability of a particular internal mode is nonzero, two
components to the scattering for Oh point site symmetry, The first is

centered at the frequency of the stretching mode and is ncl broadened

by the rotational motion, This has been called by a variety of terms
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including trace scattering and the '"Q(0)'" branch, Taking note of the
Kroniker delta functions, the trace scattering is totally polarized,
parallel to the electric field of the incident light, and is independent
of crystal orientation,

The second half of Eq, (2-15) arises from the traceless com-
ponents of the polarizability tensor and is modulated by the motion of
the molecule, Since the brackets represent ai ensemble average, it
is evident again following the arguments discussed above that
(ijﬂ(t)svik(c)) is invariant under 0, symmetry; and, thus, the only
independent quantities are (Bvxx(t)BVxx(O)),<5Vxx(t)ﬁvyy(0)) and
<Bvxy(t)Bvxy(0)) (again ensemble averages with the obvious permuta-

tion of the indices are identical), In this case, however, since Tr ’g(t) =0

\% \Y \Y) \Y
0 =((B 't + B yy(t) +B7 ()8 yy(0))
(2-16)
AV \Y \Y \Y,
=2(p"_ (t)B gy(0? +(B° (18 o0

Therefore, following from Eq, (2;16) the second component of Eq, (2-15)
predicts only two independent spectral functions in addition to the trace
scattering S-function, We shall consistently express the resulis here

in terms of (8" ()8 _(0) and <B"xy(t>a"xy(0)>.

The scattering in the vicinity of a stretching mode then conven-
iently divides into three terms, Experimentally the narrow trace
scattering can be used to locate the position of the stretching mode, It
is also very useful in probing the extent to which the theory holds, The
predicted linewidth is zero and departures from this are a direct measure
of the approximations used here, The other two scattering functions are

a measure of the rotational motion of the molecule, As defined by

il
|
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specific models, tumbling times if appropriate can be nicasured from
the bandwidth of the Raman results,

The three terms can be isolated by choosing appropriate scat-
tering geometries, The detaiis for this are tabulated in Table 2-1
where several of the most convenient geometries are given in terms of
the crystal axes, It may be noted that the trace scattering cannot be
completely isolated, However, in practice, since it is quite narrow,
it is easily identified in an examination of the results, The other two
scattering terms can be clearly isolated simply by using cases (2) and
(4) of Table 2-1. As a practical matter due to finite sclid angles and
other effects, the Raman geometries are noi precisely defined in per-
forming the actual experiment, however, cases (2) and (4) were found
to maximize the isolation of the two rectationally modulated terms and
were most often used,

The discussion in this section has been almost exclusively in
terms of the Raman scattering that originaies in the internal stretching
vibrations of the molecule itself, Since the internal energies of the
molecules studied here are large (2000 cm™ for CN~, 3600 for OH",
and 800 cm-'l for the lowest frequency mode of NOZ-) compared to
rotational states of the free molecule or vibrational states of the impure
host, the scattering results from these two components can be experi-
mentally separated., Thus, there are two different, clearly definable
spectral regions: low frequency scattering and high frequency scat-
tering in the vicinity of the stretching modes; the spectra from the two
sources are .undamentally different,

As defined by Eqs, (2-8) and (2-9), the sideband data are a

measure of the tumbling or rotational-like motion of the molecule itself,
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A A
EO ko E k Intensity Proportional
to

=v 2 v v
1 7z0 o5 (0) -5 (10) (001 (a7) +(P xy{E 5y (002

1,V . e
2 Lo Lafy Lar on <& (08’ (on
JZ J2 N2 4 xx xx
3 (100) (010) (100) (001) (E")Z +( ﬁvxx(t)ﬁvxx(on
AY v
4 (100) (010) (10) (oon (8 xy(t)B xy(0))

=V 1 v
Qa --3-Trg (MF)

Table 2-1: Scattering results for various geometries in the vicinity

of a stretching maoade, éo and /I\<0 are unit vectors describing the direc-
tions of the polarization and propagation of the incident light field,
respectively, with l/E\IS and ?&s analogously defined for the scattered light,
See text for a discussion of the various terms in the scattering. The

A A
directions of k0 and ’ks have been listed for convenience and de¢ not

influence the scattering results,

i
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The details of the interaction between the host and the molecule will
determine the tumbling motion {examine, for example, Eq. (2-10)].
However, no matter how complicated the motion, is, the Rarnan cross
section in the vicinity of the stretching mode is a projection of the
tumbling motion of the molecule only, The low frequency scattering,
on the other hand, i much harder to interpret, For example, the
calculation of the Raman cross section which involves a rotaticnal
motion of the molecule with a simultaneous motion of host ions must
inciude the whole complex. To turther complicate rnatters, the low
frequency results will also include the rather large normal second
or'er Raman scattering of the pure alkali halide (these crystals have
no first order allowed scattering) as well as scattering from phonon-
like modes which do not include the rotational motion of the molecule,
In the special case where quantum states may be separately
labeled as to mcdified rotational states and modified host phonon states,
the low frequency scattering results can be labeled by normal second
order, induced first order, and molecular rotational scattering, The
induced first order scattering is a result of the k selection rule becoming
gomewhat relaxed by the presence of the impurity, For spherical

impurities in alkali halides, this effect nas been calculated by Xinh, (L

(19) and uthers, (22 23)

Maradudin, Their results will be used in secticn
IV when the low frequency results are given,

One further theoretical point to be noted for this special case,
where there are separate rotutional and modified phonon states, is that
there is a relationship between the sideband spectra and the low frequency

scattering spectra due to rotational-like motion of the rigid molecule.
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If the symmmetry of the internal mode is the same as that of the molercule,
tlien the shape and form of the twe scattering spectra are identical since
in the molecular frame the forms of the polarizability tensors for the
rigid rnolecule and for the avij are identical apart from a constant factor,
To be specific, viewing the polarizability as a Heisenberg operator., we
are intcrested in quantities like (gv(t)gv(0)> in the vicinity of the stretch-
ing mode and <g0(t)go(0)> for the low frequency results where go(t) denotes
the polarizability of the molecule at time t in its ground vibration state,
We have gv(t) =B(52(1))5V(MF\13 Jr(SZ(t)) and a similar expression for ao(t).
Since the stretching mode is assumed not to periurh the rotational motion,
the rotation matrices involved for both gv(t) and gi)(l) are equal, Then if
a(MF) = Da®(MF) where D is a constant, the functional form of the two
correlation functions are cqual, Examining Eqs, (2-8) and (2-9) it is
cevident the scattering spectra are the same apart from a shift in origin
due to the stretching mode frequency and the constant factor multiplying
the intensity, For the molecules studied here, all the internal stretching
modes except the Bl mode of NOz- do preserve the symmetry of the mole-
cule, Thus, except for this last case, a detailed comparison can be made
between structure of the sideband data and structure of the low frequency
data.

This theory can be extended to any molecular system where the
internal normal coordinates are not conpled to other degrees of freedom.
One would find a low frequency region where the Raman scattering would
he due to a comnplicated sum of correlations functions between individual
components of the system, The high frequency scattering, however, in

the vicinity of a stretching mode would reflect the tumbling motion of a

T
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single molecule, Nowhere in the development of the high frequency scat-
tering have the details of our particular systems been exploited except in
the development of the depolarized scattering symmetries due to the point
symmetry of the molecule's site, These symmetry considerations are
readily extendable to other point symmetries. In an isotropic liquid,
for example, one would find only two scattering symmetries rather than
three found for 0h symmetry, That is one in which the scattered light
is polarized parallel to the incident electric field of the laser, which
would include the trace scattering. and one d+polarized spectra (polarized
perpendicular to the electric field of the laser) which would be a measure
of the molecular motion, For detailed expressions for this case, see
ref, (24 and 25),

For reference, we conclude this section by listing the forms of
the polarizability tensors in the molecular frames for the molecules
studied here, We have for OH and CN~, one stretching mode

A ‘

a“(MF) = | a (2-17)
\ b

\ ;

where the z a»is is taken along the internuclear axis of the molecule,
In the case of the NOZ- impurity, there are three internal modes (see
reference (13)) all of which are Raman active, The point group sym-

metry of the molccule is CZ‘.'; two of th» modes have A, symmetry and

(17)

1

the third has 131 symmetry, From Loudon,

A !
1 ‘a
a (MF)Y =] b \ (2-18a)

\‘ C/
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B, /o 0 f
a (MF)={0 00 (2-18b)
\f 0 0

B. Angular Dependence of the Polarizability Tensor

The functional form of the molecular polarizability tensor in
terms of the Eulerian angles can be derived in the following way, We

have from Eq. (2-7)
27(2) = R(2)2"(MFIR T(@) (2-19)

Let (aBy) = (§2) be the Eulerian angles as defined by Edmonds, (26)
Throughout this section, we shall usc the definitions and normalizing
conventions as given in ref, (26), For = 0 the moleuclar coordinate
system coincides with the laboratory axes ’g‘_.J(O) =gv(MF).

To perform the operations defined by (2-19), it is convenient to
decompose gV(MF) into forms which have the transformation properties
of irreducible tensor operators, T(kq). These functions, for each k,
form a set of 2k + | operators (q = -k, -k+l,,.., k-1, k) which, under an

arbitrary rotation, transform like

k
R(Q)T(kQ)R+(Q) = Z T(kQ')Dkq.q(Q) . (2-20)
q':-

The forms and symmetry properties of the Dkq,q(ﬂ) are well known and
form a convenient set of functions, Reference should be made to Edmonds

e for explicit properties of the Dkq,q(ﬂ).

and Rose
The components of a symmetric second rank tensor transform

under rotations like bilinear combinations of x,y and z, i, e. axy trans-
~

forms like xy, As defined in Edmonds, the solid harmonics, ‘.‘-'zm(r),

are given by

(26

)
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A

A Lo,
lz!n(,_s) =r 14 j(8n¢)

[2-21)
where 1 nﬂ(c.(b) are spaerical harmonics, transform like T(fm), T o
solid harmonics in terms of x, y, z functioral forms can be found in
Table | of Edmonds, For exampie, we have
- c 2
20 71 llS/-‘f)é(Zzz - x® - vh (2-22)
Thus, .
PR PP -
T(20) =4 (5/1) (ex,, - -3 ) (2-23)

Yy
when the "equals sign'' is taken to mean both sides of the equation have

the same t~ansformation properties, Examiaing Table | of Edmonds

further, it is found

-

o -
To0) =2" 2 +a 4o ) 2.24)
XX yy ;7

-1 *
- B ) Lol I8 :
T(24l) = ¥27(15/2m) (ot lazy)
T(242) = 4"(15/z:v)é(g -a  t2ia )
= VX vy ~ xy' ’

The six independent components of a second rank tensor, 3, can be

written as sams of T(£q) by inverting the above equations, Defining

the following matrices

1
é00=(2/3)(n)é 1 (2-25)
1
2 3 -1 :
a O=(2/3)("/5) -1 /
2
_ 00 31
&2*1 =(2-r/15)§[ 90 i
- \;l i 0y
“1 %o
QZ =(2n/15)é H -1 0
th 0 00
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we have
+2
_ AQ A\ A2
&= T(0, 0)a 0 + Z__ T(2, m)a e .(2-26)

a

m=-2

3
The matrices aJm can be viewed as prcjection m:trices as they project
out just the proper combinations of & that transform under rotations in
the same way as irreducible tensor operators, Therefore, a rotation

of & will change the 1T(4m) in Eq, (2-26) as in (2-20).

Now, letting @ =a"(0) = a”(MF). w: have

0 A0 ST r2 0 2
T(0, 00", v/__m @ T (2m)D" ., (2 (2-27)

ml

2" =R (opr*

where To(lm) are values multiplying the gzm when 2 = 0. Note this

formula reduces correctly at Q =0, We have from Ed: i that

2
m'm

(0) =8\ .
B . . AY \Y
For the case whereg {wvr ) is diagonal with elements Q xx'a -

and ,g’vzz, (2-27) reduces to

@) =37 Y+ +dY
~ XX vy zz'~

—

+ 3 Vs m? (Q)

Y
6.2 [(Zav -a -a’ )D2
o ™ 7z xx Yy Om

43t

Vv \Y 2 , 2 .
(7 = T MD 5 () +D°, q@n].  (2-28)

C. Selection Rules

In general the wave functions for the rotating molecule can be
labeled ~ccording to the irreducible representations of the molecule's
point site symmetry, Fos a particular experimental scattering geometry,

it can be expected that only certain of the Raman allowed transitions will

ST

Ml




-20-

be seen, It is the purpose of this section to derive some rules govern-
ing this by examining the transformation properties of SV(Q).

Let " be the group of symmetry operatc rs of the molecular site
and ?R be the subgroup cf T~ containing all the proper rotations of =,
Associated with :‘R are forms for a symmetric second rank tensor
which will transform amongst themselves according to the irreducible
representations of '—‘R’ Let (iju be the jth representation and the “th
component cf the representation. The specific forms of Gju can be
found in Loudon, (17 For the Oh(m3m) group, for example, ?R =0 in
the Schoenflies notation or 432 inthe international short notation and the
fuju consist of one Al’ two E, and threc F‘2 components, Expand ‘g"(Q\
as a sum of these tensors (six are needed, in general, as there are

.. \Y e - -
six independent elements of 3 (2)). For an aribitrary ', some

representations may be repeated. We have

Vow - B -
@ = W@ (2-29)

JIM

where the angular factors are grouped into the functions fju(Q).

The '&ju are defined by the laboratory (crystal) axes, and the
experimental scattering geometry choeses which of the Gju will be
observed, The selection rules are determined by the transformation
properties of the fj“(Q) since scattering between the rotational states
S and S' will be allowed if (S| fju(Q)l S') is nonzero. W2 thus need to
determine the prop=arties of fju(Q).

Under the group ?R . except for groups with complex characters,

. I
the functions f"u(Q) transform is the same way as uju. Consider the
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following., Apply one of the symmetry rotations, PR, to the crystal

axes of the site, We have for gv(ﬂ)

\Y \N /\j
u

PRy () (2-30)
o, M M

M

where P"u u(R)' are the numbers describing the transformation pro-

N
perties of u)u, if we now apply P_R to the molecule, we must have

the same physical situation. Thus, P*!*® a(0) = e el R3(D).
so that
P _d (@ =, 0 (P  (4R) (2-31a)
"R U - L..u| H' u'u
or
i on 6 el )
It is easy to show (ref, (28), p. 74) that
j o
'.p UU'(R)J! = p uvu('R) . (2'32)

Thus, if X(R) is the character of Pp(R), then

(-R! , (2-33)

imy = p) - p
X(R)'{_ Pla®y = (PR

" —u
Omitting the few groups with complex characters, we have the result

. A
that f (9) transforms in the same way as u’ () under the group [, .
M " group “p

[Inthe case of groups with complex characters [fJu(Q,I}* transforms as

Aj

u}u(ﬂ) and the selection rules are slightly more complex]. If the
A

]

experimenta: geometry specifies the u’”,, symmetry the only allowed

(93

Raman transitions are those in which the direct product of |S) with |S')

" .
contains th= uJu symmetry [for point groups with real X (R)].
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To take into account further symmetry operators of the group -,
a crystal mirror plane, for example, it i8 necessary to have knowledge
of the symmetry properties of the internal normal mode of the mole-
cule, The reason for this is that these operations acting on the mole-
cular frame may not result in the same physical situation as a mirror
operation acting on the laboratory frame,

For the case of a linear molecule in Gh symmetry where the
gv(ﬂ) refers to the single stretching mode, however, the functions
fju(Q) do transform under the full operations of the f)h point group as
T El'

and ¥, representations where the subscript U is single valued. double

AjJ i
the uju. It has already been shown that f"u(Q) transforms like A

valued, and triple valued respectively and, further, that fEh(..’) multi-

IE

plies u " and similarly for the other two representations, Under f)h,
73
the matrices, u’ , transform like A, ,E , and F, . Performing the
M g’ g 2g

inversion operatior on the molecule, at any arbitrary €, gives the
same polarizability tensor, Therefore, the functions f () are
[0

unchanged, Thus, fju(Q) transforms like A

,E , and F as well,
2" g 2g
We thus have for this case that experiments which measure in turn
S Ny - oL : ce
LI } = Alg; u ur J T t:.g and u a’ ] = FZg only project out transitions

whose cross product contains A ,Ez. and FZg components respectively,

III. Equipment and Crystals

The Raman measurements were made employing right angle
scattering techniques with an argon ion laser as the exciting source
having one watt at 4880 R anda Spex model 1400 double monochro-

mator, The signal was electronically detected by a cooled EMI 9558




-23-

photo-multiplier and recorded by a photon counting scheme which has
been previously described, (29) A Janis Super Vari-Temp Model 10-DT
dewar was used for sample temperature control, This dewar is top
loading, allowing sample changes with one helium fill, and works by
blowing cold helium gas on the sample, The sample temperature can
be changed either by heating the helium gas before it reaches the
sample chamber to the appropriate value (which we found to be con-
venient for temperatures less than 30°K) or hy heating the sample
holder and balancing this against the cold helium gas (best method
for temperature from-~ 30°K to 300°K). The trmperature of the
sample block was monitored using one of two sensors, Most temper-

ature measurements were made by a Phylatron Inc, (Columbus, Ohio)

1

Gallium Arsenide diode model number CD-5G9A, A constant current

St

supply (supplying only 20l A to avoid heating) in series with the diode

il

created a voltage across the diode which varies with temperature,
This voltage can be read with a potentiometer and typically a varia-
tion of 1-2 mv/°K is seen. The dynamic range of the diode is 1°K to

300°K. Due to variations in recycling of the diode and calibration

TR ISR

inaccuracies, the temperature could not be delermined to within ¢+ 2°K.
This error, however, for nearly all the work reported here is insignifi-
cant. The second temperature sensor was used for the low temperature
region (under 30°K), in cases where it was felt better accuracy was
required, This sensor, a calibrated germanium resistor, was made

by Cryocai (Riviera Beach, Florida, model number CR1000}), Here an
accuravy of ¢, 1°K was easily obtainable, Unless otherwise stated, an

absolute temperature inaccuracy of + 2°K should be assumed,

Hey
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The width (full width at half intensity) of the 'trace’ lines of the
CN~ doped systems were measured using standard geometry 180° pres-
sure scanning Fabry-Perot interferometer, The instrument linewidth
of the Fabry-Perot was estimated using theoretical formulas for
reflectivity, mirror flatness, and finite pinhole finesse, In addition
it was found that the 4880 A lascr linewidth (. 14 cm™) was a significant
fraction of the trace linewidth. The instrument linewidth was taken as
the simple sum of these four linewidths, The trace linewidth was
determined using a dec.on\'olution process developed by W, I,a(‘ina(30)
which assumes a triangular instrumental slit function, The measure-
ments of the CN~ doped systems are accurate to within 20%.

The NOZ- and CN~ doped systems were made on samples grown
by Gerhard Schmidt in the Laboratory of Atomic and Solid State Physics
at Cornell University, Inthe case of the CN~ systems, the imain
impurity is thought to be NCO~, See reference (2) for details, Using
the calibration numbers quoted ir reference (2) for the absorption cuef-
ficients, the concentrations of NCO were about two orders of magnitude
less than the concentration of CN™ in all cases. OH  and OD~ doped
samples were grown by Franz Rosenberger at the Crystal Growth
Laboratory, University of Utah, ‘I'he main impurity in these samples
is thought to be several parts per million of 0-2. (31

The determination of the concentration of the ¢ -ant in any partic-
ular host was made by measuring the optical density of one of the
internal modes and comparing these values against previously reported
formulas giving concentration in terms of optical density. Reference

may be made to Seward(z) for CN™ systems, Narayanamurti(w) for NOZ
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- K] -
Fritz et al, (32) for OH , and Wedding( ) for OD , This method of

determining concentration is probably accurate to within 20%,

IV, Low Frequency Results

A, Data

The various spectral features described in this section have
been labeled according to the symmetry of the transition respcnsible
for the particular scattering event, Only transitions for which the
product of the wave functions for the initial and final states contain
a component that transforms as a symmetric second rank tensor are

Raman allowed, Under 0h symmetry the six symmetric second rank

tensors transform like the Alg’ Eg, or FZg irreducible representations,

These are respectively nondegenerate, doubly degenerate, and triply

degenerate, Associated with each svimmetry component are appro-

priate forms of the polarizability tensor, These have been tabulated

( (33)

in Loudon 17) (corrected in LLoudon }. In general, different scatter-

ing geometries can separate the spectra assigned to these different sym-

metries (although the A, component cannot be completely isolated). We

lg
have used the convention that O is the constant multiplying the tensors
g

associated with Eg-like transitions and a similar meaning to ¢ nd

Alg 2
aFZg' Table 4-1 has been constructed in order to iilustrate how different
geometries facilitate the above-mentioned separations, Note that spectra
of purely Eg and FZg symmetries can be obtained,

Data was taken on KC1:CN™, KBr:CN", NaCl:CN™, KCl:OH ", and

KC1:0OD™ and are shown in Figures 4-1to 4-6, Figure 4-1 shows a curve

of pure KCI for the normal second order spectrum and a curve for
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Case

1
1 I (110) Tz (110)
2 (100)

(010)

3 (010) (100)

4 J%(um J%um)

Table 4-1:
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1>

Q%(hm

(100)

(100)

Tz (110)

>

(001)

(001)

(ool)

(001)

Intensity Proportional
to

2
log |
g

2
+—|a ] +|a 2
I 3 Eg Fzg

-

(1

3 I + 21 )
XXXX XXYyy XyXy

Low frequency scattering results for various geometries,

A A
Eo and ko are unit vectors describing the directions of the polarization

I
and propagation of the incident light, respectively, with Es and Qs

A A
analogously defined for the scattered light, "'.2 diractions of k0 and ks

are listed for convenience and do not determine gcat‘ering results,
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.3 molc % KCI:CN~ at room temperature having the same scattering
symmetry, In general the alkali halides have a relatively large second
order structure, and at 300°K the second order spectrum greatly
obscures the possible influence of the impurity in KCI:CN~, There
are no significant differences between the spectra, for the pure and
doped crystals, shown in Figure 4-1, The gradual rise in signal as
one goes to smaller shifts was a common feature to much of the data
taken at room temperature, For all systems measured at room
temperature there Wer.e either no effects that could be correlated with
the presence of impurities or a structureless rise in intensity as in
KCI1:CN~, This may be due to two possible effects. Either the second
order spectrum is too large and really masks the impurity induced
structure or the impurity induced scattering has been temperature
broadened, Both of these effects are significantly reduced in the
spectra taken from samples that were at helium temperatures. In
fact in many samples the second order scattering is largely frozen
out at low temperatures,

In Figure 4-2 the normal second order spectrum for only sym-
metry combination (the largest contribution) of pure KCl and the three
Raman active scattering geometries are presented for . 53% KCI:CN~
at helium temperatures. In the doped samples arrows have been used
to indicate second order structure, There is a significant impurity
induced structure, and it should be noted that there are spectra cor-
responding to all of the possible Raman active symmetries and they

all have comparable intensities,

i
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Fig, 4-1 Room temperatur~ low frequency data for KCl and
KCL:CN~,
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In Figure 4-3 results are given for 0. 72% KBr:CN~, In Fig.
4-3a the KBr second order spectrum is shown tor the symmetry that
produces the strongest scattering, In Fig. 4-3b the spectrum cor-
responding to dominant impurity induced Raman scattering symmetry
and a theore‘ical -urve discussed in section IV, B, are given, For this
symmetry the contri ution to the signal from t-2 second order snec-
trum is very small and is estimated to be less than 5% of the signal
in 4-3b. For this system the other two symmetry components to the

!Z
£
component, Since the second order spectrum for the othe. two com-

impurity scattering were observed to be smal. compared to the |aF

ponents is quite large, it was difficult to estimate the relative magni-
" ie s 2
tuces of the various impurity induced spectra, However, the I:IF |
‘8

impurity spectra is about a factor of 5 to 16 larger than components
I 2

due to |0.Alg|2 or Iang

Figure 4-4 contains the data for NaCl ard , 63% NaCl:CN~, In

this case it was found that the impurity contribution due to {a was

IZ
Eg
negligible compared with the other two components, It is found, then,
that all three of the CN™ doped hosts give very different results, both
in regard to the symmetry designation of the spectra and in the shage
and general character of the resuits,

For the purposes of illustration and because it offcrs a chance
of qualitative comparison for difference impurities in the same host,

data for 1.2% KC1:OH ™ and , 4% KC1:OD™ are shown in Figures 4-5 and

4-6, Data which would separate the |a ]2

!2 and laEg components

Alg
wc=e not taken for KC1:OH .
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B, Discussion

It is quite instructive to begin the discussion of the low frequency
Raman scattering results with the spectra of Figure 4-3 for the KBr:CiN'
system For KBr:CN', the infrared work reported by Seward(z) and
the conclusions that are to be drawn in secticn V of this paper indicate
that CI!'” molecule is not very heavily trapped in the sense that it is
relatively free to rotate,

Assuming that for a zeroth approximation one may regard the
impurity as though it were a spherical ion which simply chaages the
mass and force constants of the ion it has replaced. For this type of
problem there have been a number of theoretical treatments including
Benekek and Nardelli(zz) and Xinh(lB) who consider Raman scattering
from alkali halides doped with atomic impurities, The most recent
results, however, are these of Harley, Page and Walker(23) who
studied T£+ doped potassium halides, Although they have a great
deal of experimental results with which one might profitably com-
pare the results presented here we only wish to make use of their
theoretical results,

Employing what has now become standard Green's function
methods(l'g) Harley et al(23) calculated the spectrum for Raman scat-
tering induced by the presence of TIL+ impurities in potasium halides,
In particular, similar to the data given above, there are different

spectra for A Eg,TZg experimental symmetries, Figure 4-3b

1g’
shows both the experimental spectra for Eg symmetry as observed

for scattering from CN~ doped KBr and the theoretical spectrum calcu-

(23)

lated by Harley et al, From Figure 2 of reference 23 one can see




there is also excellent agreement between the Eg Raman spectrum
induced in KBr by Tl+ impuritics and this theoretical spectrum,

The similarities between these different spectra a quite strik-
ing evidence that for the CN~ impurity in KBr the low frequency part
of the impurity induced spectra can be largely explained by the same
mechanisms that serve to explain the Raman scattering induced by
spherica'ly symmetric impurities, Similar conclusions can be
drawn for the other potassium salts with CN™ impuritics,

The main difference in the two curves in Figure 4-21 is the
gradual structureless rise in the KBr:CN~ data as w approaches
zero, As it is structureless, it is very difficult to assign its origin,
It may well be due, in part at least, to the rotational motion of the
molecule, In the results of section V, there is a sideband, with a
sharp peak that is shiited from the stretching vibrational mode by
13 cm™’ and extending to 30 em™! or so, This band should appear in
the low frequency data for the rcasons discussed in section II, That
is that the change induced in the polari.ability tensor by the stretch-
ing mode has exactiy the same symmetry as the static polarizability
tensor for the rigid molecule, The sharp peak itself may be masked
by spurious laser leakage through the spectrometer (the optical quality
of this crystal made scans near 13 cm'l quite difficult), but the gradual
rise could be due to the tail of this line,

The results for NaCl:CN~ as contained in Figure 4-4 are much
more difficult to interpret than KCI:CN~ or KBr:CN~, Here, as will
be discussed in section V, the CN~ molecule is rather heavily trapped

in the NaCl lattice in the sense that it is not free to rotate, A careful
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analysis taking into account the changes in force constants due to the
impurity and its molecular motion is needed, Roughly, however one
can obtain some information in the following mannexr. Benedek and
Nardelli(ZZ) showed that to a very good approximation, if I(w) describe
the spectrum, associated with a particular symmetry I, of the first
order Raman scattering induced by a spherical impurity than for Stokes

radiation

1p(w) ~ EELED )

where N(W) is the Bose-Einstein thermal factor (i. e, N(W) = [enw/kT - l]-l).

w is the frequency shift from the laser frequency, and pr(w) repreucnts
the phonon density of states of the impure crystal projected along the
I symmetry. Now to first order DOF(U), the density of states of the

pure crystal, may be compared to pI-(U). This is very similar to the

)

calculation of Harley et al(23 mentioned above, In fact if one uses

(34)

Timusk and Klein's caiculated density of states poE (w) rough
4

agreement is also obtained with the spectra in Figure 4-3,

(

Timusk's calculations ) for pure NaCl shcw peaks in the total

l, 140 cm-l, and 180 Cm-l, Except

density of states at about 120 cm”
for the line centered at 54 cm-l in Figures 4-4b and 4-4c, these peaks
are in rough agreement with the results of NaCl:CN~, When the total
density of states is projected along the appropriate s.ymmetry com-
ponents, there is no longer any real agreement, The line at 54 cm'l,
which seems to be almost combpletelv FZ symmetry is probably due

to the rotational mction of the molecule as it is repected in the side-

band results of section V with the same scattering symmetry,
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The KCI:OH™ and KC1:OD"~ cases in Figures 4-5 and 4-6 may be
compared to each other and to KCI:CN~, The lines at 300 cm-l in
KC1:OH™ and 228 cm™! in KC1:OD", having apparently only FZg sym-
metry, are probably associated with molecular motion of the respec-
tive molecules, They have been seen as sidebands to the stretching
modes in infrared absorption, The values for the I.R. experiment
are 298 T and 232 cm™l respectively for OH™ and O<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>