PHYSICAL REVIEW B

VOLUME 41, NUMBER 11

15 APRIL 1990-1

Polarized Raman study of NO, in KCl, KBr, KI, and NaBr

Hilde Fleurent*
Physics Department, University of Antwerp (Universitaire Instelling Antwerpen),
B-2610 Wilrijk (Antwerpen), Belgium

Wim Joosen
Foundation for Fundamental Research on Matter (FOM),
Institute for Atomic and Molecular Physics, Stichting voor Fundamenteel Onderzoek der Materie Kruislaan 407,
NL-1098 SJ Amsterdam, The Netherlands

Dirk Schoemaker
Physics Department, University of Antwerp (Universitaire Instelling Antwerpen),
B-2610 Wilrijk (Antwerpen), Belgium
(Received 20 July 1989; revised manuscript received 7 November 1989)

The NO, -molecular impurity is shown to exhibit different equilibrium orientations depending
on the alkali-halide host lattice. The polarized Raman intensities of the three internal modes reflect
a twofold axis for the NO, ™ ion in KI and NaBr and a threefold axis in KCl and KBr. For KCl and
KBr the quasifree rotation of the molecule around the O—O axis is responsible for the axial behav-
ior of the derived polarizability tensor. The Raman-active gap mode in KI is identified as an 4,
mode of the C,, point group. This mode involves as such a purely rotational motion of the impurity
around its dipole axis and is therefore different from the three ir gap modes. The 60-cm ™! mode in
KI is shown to possess A, character and this necessitates a reconsideration of the fine structure of
the v,( 4,) mode (1308 cm '), previously explained as a Fermi resonance between the combination
mode of this 60-cm~' mode with the asymmetric-stretching mode and the totally-symmetric-
stretching mode. In relatively highly doped crystals (> 1 mol %), different and new polarized Ra-
man properties are detected, revealing symmetry lowering and preferential orientation.

I. INTRODUCTION

A large number of spectroscopic techniques has been
used to investigate the complex dynamics of the NO,™
ion, when substituted for a halide ion in the alkali
halides. The NO,” impurity is a triatomic, bent C,,
point-group-symmetry molecule with an intrinsic electric
dipole moment of about 0.2 D along the twofold axis.'
Three normal modes can be distinguished: the
symmetric-stretching mode v,(A4;), the symmetric-
bending mode v,(A4,), and the asymmetric-stretching
mode v;(B,). As such the vibrational spectra of this
molecular ion can be separated into (a) a high-frequency
region with the internal vibrational modes ( > 700 cm™ Y,
which show relatively small frequency changes depending
on the host lattice, and (b) a low-frequency region (0-300
cm ™), which reveals the perturbation of the pure lattice
by the impurity ion. Very specific information about
these spectral regions was retrieved from infrared? (ir)
and far-infrared (FIR) absorption® ® and from uv elec-
tronic absorption’ ~® and emission.”® Raman measure-
ments were performed to complement this informa-
tion. 10— 14

The data relevant for this paper are summarized below.
For the determination of the site symmetry of the NO, ™
in KCl and KBr, the technique of electric-field-induced
alignment was used.” At 2 K no effect was registered on
the ir absorption of the internal modes, so that a reorien-
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tational motion of the molecules down to very low tem-
peratures was suggested. The sideband structure in the ir
and vibronic spectra revealed an almost free one-
dimensional rotation of the ion around the O—O
axis.>*!* In KI, these sideband features are different.
They were interpreted as being due to hindered rotational
motions around all axes. The splitting pattern of the
high-frequency ir absorption spectrum in KCl upon ap-
plication of uniaxial stress was found to be compatible
with a (110) orientation of the dipole axis.> These stress
measurements were only performed for KCl, but the re-
sults were tentatively generalized to all other alkali
halides. Recent ir spectral holeburning experiments in
the v,( 4,) bending mode of the NO, ™ in KI revealed a
(100) direction of the dipole axis.>*!*> The splitting of the
totally-symmetric v,( 4,) Raman mode at 1308 cm ™! in
KI was explained as a Fermi resonance between the com-
bination mode v;(B;)++v" and v,(A4,), in which v was
associated with the low-frequency Raman mode at 60
cm ! (Ref. 11).

The low-frequency gap region in KI, which extends
from 69.7 to 95.6 cm ™! (Ref. 16), turned out to be one of
the most interesting features of the NO,™ system. The
complete orthogonality between the Raman scattering
and FIR absorption results, which is not expected ac-
cording to the selection rules of the C,, point group, has
been tentatively approached from theoretical®!” and ex-
perimental>®?® viewpoints.
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This paper reports on polarized Raman measurements
of the high-frequency region for NO,  in KCl and KBr
and of both the high- and low-frequency regions for
NO,™ in KI and NaBr. In Sec. III the Raman spectra
are presented and the intensity parameters s/q and r/gq,
extracted from the polarized Raman intensities, are tabu-
lated. A behavior-type analysis!'® of the intensity parame-
ters of the internal vibrational modes reveals different
symmetries for the NO,™ in KI and NaBr (C,,) and in
KCl and KBr (Cj;,), as is shown explicitly in Sec. IV.
These data also reflect the quasifree one-dimensional ro-
tation of the ion around the O—O axis in KCI and KBr.
In Sec. V new and specific characteristics of the polarized
intensities in highly nitrite doped (>1 mol %) crystals
are reported. The gap region (Sec. VI) and the Fermi res-
onance at 1308 cm™! in KI (Sec. VII) are discussed in
separate sections.

II. EXPERIMENTAL DETAILS

The KI samples were doped with 0.03 and 1.8 mol %
of KNO,. For KBr 0.05 and 1.4 mol % KNO,-doped
samples were used. The KCl and NaBr samples con-
tained 1.4 and 1.5 mol % of KNO, and NaNO,, respec-
tively. The crystals were tightened on a small copper
plate in a cold-finger-type cryostate (Cryogenics Associ-
ates). The temperature readout was done with a calibrat-
ed Si diode in the bottom of the cold finger (i.e., a homo-
geneous copper block), at =1 cm from the sample, yield-
ing an accuracy of 0.2 K.

The polarized Raman spectra were excited with the
514.5- and 488.0-nm laser lines in the commonly used
perpendicular scattering setup.!” The well-known polar-
ization geometries (110)(170), (110)(170), and
(110)¢001) can be retrieved from Ref. 18 [OGP set 3,
Fig. 2(c)], in which the polarization directions of the in-
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FIG. 1. Polarized Raman spectra of KBr:NO, under

514.5-nm excitation. The data for v,(A4,) and v,(A4,) were
recorded in a 0.05 mol % KNO,-doped sample (900 mW, T=20
K). The lower optical quality of the {110}-polished 0.05 mol %
doped sample, reducing the signal-to-noise ratio, forced us to in-
crease the light power (900 mW). This enhanced the recording
temperature to 20 K and induced a strong broadening of the
vi(B;) mode, inhibiting accurate intensity measurements.
Therefore the v; intensities were measured in a 1.4 mol %
KNO,-doped sample (240 mW, T=14 K) and rescaled to the
0.05 mol % doped sample by comparing the v (A4,) data for
both concentrations. For presentational purposes the v; intensi-
ties have been multiplied by 4.
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FIG. 2. Polarized Raman spectra of KCl:1.5 mol % KNO,
under 514.5-nm excitation (300 mW, T=13 K).

cident and detected scattered light are denoted as {a)
and (B), respectively. The corresponding scattered in-
tensities /5 are indicated as Ixy,xy’ Ixy,xy’ and Ixy,z'

III. POLARIZED RAMAN SPECTRA

The Raman data Ixy,xy’ I X wa of the internal
modes of the NO, ™ in KBr, KCl, and KI are presented in
Figs. 1-3. For the NaBr crystal, which is—due to its
hygroscopic properties—difficult to polish without con-
siderable loss of optical transparency, only Raman mea-
surements on a {100}-cut sample were performed. The
spectra I, and I, of the internal modes of NaBr:NO, ™
are shown in Fig. 4. The Raman data of the low-
frequency region of KI:NO,” and NaBr:NO,  are
presented in Figs. 5 and 6, respectively.

These polarized Raman data were analyzed with the
behavior-type (BT) analysis for randomly oriented de-
fects,'® which allows one to deduce to the largest possible
extent the point group of the defect and the irreducible
representation of the mode under study. The analysis is
based on the values of the intensity parameters s /q and
r /q, which can be deduced from the intensities /,5. The
s/q and r/q ratios contain the elements of the Raman
tensor, the form of which is group-theoretically deter-
mined for each point group and its irreducible represen-
tations. In Table I the s/q and r /q ratios of the dynami-
cal modes of NO, ™ in different alkali halides are listed, as
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FIG. 3. Polarized Raman spectra of KI:0.03 mol % KNO,
under 488.0-nm excitation (600 mW, T=13 K).

INTENSITY (102counts/s)
W




7776 HILDE FLEURENT, WIM JOOSEN, AND DIRK SCHOEMAKER 41

TABLE 1. Peak positions v in cm ™! and intensity parameter ratios s /q and r /¢ for the internal modes v,(4,), v,( 4,), and v3(B,)
of NO,™ in KBr, KCl, KI, and NaBr, as derived from the polarized Raman intensities I 5 in Figs. 1-4. Similar data for the low-
frequency ( <wyo) modes v/, v, and v’ in KI and NaBr (Figs. 5 and 6) are presented in the lower part of the table. The s/q and r /g
ratios for the v;(B,) mode in KCl have been obtained by fitting the internal mode and both sidebands (see Fig. 2) with Lorentzians,

which explains the larger error bars.

v (cm™')? s/q r/q s/q r/q s/q r/q
Vl(A]) VZ(AI) v_](Bl) V](Al) 'Vz(A|) V3(Bl)
KBr 1317 799 1276 0.80£0.06 0.97+0.08 0.13+0.03 0.99+0.08 0.30+0.03 —0.481+0.06
KCl 1325 800 1288 0.72+0.04 0.95+0.06 0.19+0.02 0.95+0.06 0.28+0.10 —0.41+0.10
KI 1308 804.5 1252 0.34+0.03 0.631+0.05 0.11£0.03 0.67+0.06 0.00+0.02° 0/0¢
NaBr 1327 827 1278.5 0.31+0.05 d 0.19+0.04 d 0.00+0.03° d
Vl 1’”2 vul 'V‘ V” vlll
KI 60 78.8 138 2.60+0.40 0.07+0.15 0.01+0.02 —0.50+0.04 0.00£0.03 —0.97+0.08
NaBr 113 0.00+0.03 d

2Accuracy +1.5 cm ™!, except for v/’ in KI:NO,™ (0.5cm ™).

The ratio ¢ /s is indicated. This case corresponds to ¢ =0 and s > 0 within experimental error.

¢ 0/0 indicates r =0 and ¢ =0 within experimental error.
4Only available from {110}-polished samples.
‘Gap modes.

calculated from the polarized Raman intensities of Figs.
I-6. These results are discussed in Sec. IV.

The influence of the NO, ™ concentration on the polar-
ized Raman intensities was investigated for KI doped
with 0.03 and 1.8 mol % KNO, and KBr, containing 0.05
and 1.4 mol % KNO,. Raman spectra for the KI:NO, ™~
samples are presented in Figs. 3 and 7. The differences,
listed in Table II, are remarkable and new and will be dis-
cussed in Sec. V.

1IV. SYMMETRY DETERMINATION

A. Previous symmetry assignments

From 1966 onwards it has been generally assumed that
in all alkali halides the NO,  is distributed among 12
equivalent equilibrium orientations, in which the dipole
axis is pointing along a { 110) direction, (i.e., point group
C,,). This was established by considering the effects of
uniaxial stress on the ir absorption of the v,(4,) and
v3(B,) mode in KCL?> The interpretation of the uv di-
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FIG. 4. Polarized Raman spectra of a {100}-cut NaBr:1.5
mol % NaNO, sample under 514.5-nm excitation (450 mW,
T=11K).

chroism in KI, KCl, and KBr led, erroneously as will be
shown in this paper, to the conclusion that the O—O axis
lies along (100).® Most of the later theoretical and ex-
perimental work was based on this site symmetry. Very
recently, Ambrose and Sievers obtained contradicting re-
sults by persistent ir spectral holeburning in the v,(4)
bending mode of the NO, ™ in KI: The NO,  possesses
indeed a C,, point group, but with a (100) directed di-
pole axis and a {110} molecular plane.’

B. Polarized Raman scattering
of the NO, ™~ internal modes

The polarized Raman data of the internal modes of a
molecular impurity in a cubic lattice reflect its site sym-
metry. It was shown that proper analysis of these Raman
data with the BT method for randomly oriented defects'®
provides a dependable method for deducing the equilibri-
um orientations of linear diatomic®® and triatomic?' mol-
ecules.
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FIG. 5. Polarized Raman spectra of KI:0.03 mol % KNO,
under 488.0-nm excitation (600 mW, T=13 K).
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FIG. 6. Polarized Raman spectra of a {100}-cut NaBr:1.5
mol % NaNOQO, under 514.5-nm excitation (450 mW, T'=11 K).

The Raman spectra of the internal modes of NO, ™ in
the different alkali halides (Figs. 1-4) reveal a different
polarized Raman behavior in the various optical
geometries. The BT intensity parameters s/q and r/q
(Table I) underline quantitatively the differences between
the NO,  molecules in the different crystals. A separa-
tion into two subgroups with (a) KI and NaBr, and (b)
KClI and KBr is justified.

1. KI and NaBr

Following the Zhou-Goovaerts-Schoemaker BT
nomenclature,'® we deduce for Ki and NaBr, using the
s/q and r/q ratios of Table I, a BT 60 and a BT 15 for
the 4, and B, internal modes, respectively. The symme-
try group consistent with both observed BT’s is charac-
terized by a twofold axis (see Table VIII of Ref. 18).

Depending on the orientation of the dipole axis and the
O—O axis, four possible C,, geometries for the NO,™
can be distinguished. The possibilities, in which the elec-
tric dipole moment and the O—O axis are both lying
along (110) directions or along {100) directions, can be
eliminated. The first situation requires a BT 14 for the
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FIG. 7. Polarized Raman spectra of KI:1.8 mol % KNO, un-
der 514.5-nm excitation (240 mW, T=14 K).
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B, mode, the second a BT 50 for the 4, mode. This does
not correspond with the experimental data. The two oth-
er cases, in which the dipole axis is oriented along a
(110) direction and the O—O axis along a (100) direc-
tion and vice versa, cannot be discriminated by a BT
analysis of 4, and B, modes only. Both cases are actual-
ly compatible with the Raman data and this was not
recognized in previous Raman investigations.'®!!

The holeburning experiments have shown that the di-
pole axis of the NO,™ in KI is (100) oriented and the
molecular plane coincides with a {110} plane.® As such
our polarized Raman analysis is consistent with these re-
sults.

The few experimental data available for NaBr:NO,
such as Raman® and uv absorption measurements,® did
not show any pronounced differences with those of the
other host lattices. Therefore one agreed up until now
upon the generally assumed (110) orientation of the di-
pole axis. From our Raman investigations on a {100}-
cut sample (Fig. 4), we deduce for the internal modes of
the NO,  in NaBr similar s/q ratios (Table I) as for
KI:NO, . In particular, the ¢ =0 value for the v;(B))
mode, characterizing BT 15, allows one to establish the
parallellism with KI:NO,™ without the explicit deter-
mination of the r/q ratio. Therefore the NO,  in NaBr
probably possesses the same site symmetry as in KI.

2. KCl and KBr

The Raman spectra of the 4, and B, internal modes
of NO,™ in KBr and KClI (Figs. 1 and 2) yield s /g and
r /q ratios (see Table 1), corresponding to a BT 39 and a
BT 40, respectively. For randomly oriented defects the
combination of these BT’s corresponds to a point group
with a threefold axis (see Table VIII of Ref. 18). This re-
sult is unexpected because of the intrinsic twofold axis of
the free NO, ™ ion and suggests an axial behavior of the
NO, ™ in KCl and KBr. Similar polarized Raman inten-
sities were also detected for the linear NCO™ in KBr, the
molecular axis of which is lying along a (111) direc-
tion.?!

The polarized Raman intensities, corresponding to
different orientations of the dipole and O—O axes in the
cubic lattice, can be calculated, starting from the 4, and
B, Raman tensors of the free species.?> The diagonal 4,
tensor of the C,, point group is characterized by the
nonzero tensor elements xx, yy, and zz, the B mode by
the nonzero off-diagonal xz components. The detected
polarized Raman intensities for the B, mode can only be
reproduced when either the dipole axis or the O—O axis
are oriented along a (111) direction. The rotational
motion around the {111) axis of the oxygen in the first
case and the nitrogen in the second case can be character-
ized by the rotation angle a. The elements of the Raman
tensor depend on a, but the polarized Raman intensities,
which depend quadratically on these tensor elements, do
not. The zero I, .o intensity for the 4, mode is only
found if xx =yy or yy=zz, respectively, which corre-
sponds to axial behavior around the [111] direction. The
orthorhombic structure of the NO, , which requires
three different diagonal elements, is very hard to recon-
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cile with such “accidental” relations. The detected polar-
ized Raman intensities therefore are not compatible with
a static NO, .

C. Dynamical behavior

Different dynamics of the NO, depending on the host
lattice were demonstrated by low-temperature ac dielec-
tric measurements.! These indicated that in KCl and
KBr the NO,  dipoles were reorienting down to 1 K,
while in KI a barrier for reorientation of about 115 cm ™!
and an off-center position of the center of charge were ob-
served. In KCl and KBr the rotational fine structure on
the ir absorption of the v,(A4,) and v,( 4,) modes re-
vealed an almost free rotation of the ion around the O—
O axis,? for which additional evidence was retrieved from
the rotational fine structure of the vibronic absorption
and luminescence spectra.” The different characteristics
of the KI spectra were interpreted in terms of consider-
ably higher potential barriers and hindered rotation
around all axes.’

Rebane et al. performed polarized Raman measure-
ments on the internal modes of NO,  in KCl, KBr,
RbCl, and KI in the (010){010) and (010)¢001) po-
larization geometries.!® They observed that the v,(B,)
mode in KI did not show any scattered intensity in the
I,, setup (consistent with a BT 15 or ¢=0) in contrast
with KCl, KBr, and RbCl. This distinct behavior, how-
ever, was not attributed to a different orientation of the
molecular axis, but the suggestion was made that the
differences in polarization properties were all due to the
one-dimensional rotation around the O—O axis. The
Ixy,xy intensity was not measured, so that the additional
striking differences for the A4; modes (Figs. 1-3 and
Table I) were not revealed.

The polarized Raman data of the NO,  in KCI and
KBr, presented in this paper, are explained by taking into
account both aspects: (a) The BT analysis of the polar-
ized Raman data reveals a threefold axis, and (b) the axial
behavior reflects the rotational motion of the ion around
the O—O axis.

Evidence for these statements is obtained from the Ra-
man study of the rotational behavior of molecular impur-
ities by Callender and Pershan.”> They showed that a
freely rotating molecule is characterized by a high-
frequency spectrum, consisting of a totally polarized line
at the frequency of the internal vibrational 4, mode, and
a weak depolarized sideband structure, characterizing the
rotational dynamics. The KCLI:CN ™~ system, which is at
low temperature tunneling between potential wells along
the (111) directions,?* has relatively low barriers to free
rotation, as was evidenced by the fact that the room-
temperature Raman data are very similar to those expect-
ed for a free rotor: The stretching mode is characterized
by zero intensities I;,and I .. This is expressed in
BT parameters as s/q =0 and r/g=1, i.e, a BT 13,
which corresponds to an A, mode of the cubic group.'®
Due to the three-dimensional rotational motion, the de-
rived polarizability tensor of the stretching mode of the
diatomic molecule exhibits spherical behavior, i.e., the
Raman tensor possesses the diagonal form with
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xx =yy=zz. One can give an analogous interpretation
for the axial behavior of the NO,” in KCI and KBr at
lower temperatures. The one-dimensional quasifree rota-
tion of the ion about the O—O axis along the (111)
direction is reflected in the Raman data through the
equality of two of the three diagonal components of the
Raman tensor. The originally three independent diago-
nal elements of the orthorhombic system are thus re-
duced to only two, which corresponds to axial behavior
of the derived polarizability around the rotation axis.
Therefore one expects a BT corresponding to an A4,
mode of the C;, point group, i.e., a BT 39.

The Raman data cannot distinguish which axis is the
rotation axis, lying along (111). The O—O axis seems
the most obvious candidate in view of (a) its large rota-
tional constant (10 times larger than for the dipole axis
and the normal on the molecular plane), (b) the evidence
from the rotational fine structure on ir and uv absorption,
and (c) the existence of analogous molecular defects with
similar dynamics (see Sec. IV D).

D. Comparable molecular defects

It is interesting to compare the site symmetry of the
NO, " ion to those of NO, and CO, as derived from
electron spin resonance (EPR) data. Two different
configurations of the NO, molecule have been detected in
several alkali halides.”> One was established to be frozen
into (110) planes of the lattice, with its dipole axis along
a (100) direction (cf. NO,” in KI and NaBr). In the
other configuration the O—O axis lies along a (111)
direction and the molecule performs a rapid rotation
around that axis (cf. NO,™ in KCl and KBr). This was
concluded from the axial symmetry of the g and A4 ten-
sors with respect to the (111 ) directions.

Recently, the isoelectronic CO, "~ in KCl was shown to
exhibit similar dynamical behavior as the NO,{111}.%¢
The same rapid rotational motion about the O—O axis
along (111) was revealed. In order to study CO,”, we
x-irradiated KCl:KCO; samples, following the produc-
tion procedures mentioned in Ref. 26. Strong lumines-
cence inhibited the detection of any Raman signal.

V. CONCENTRATION EFFECTS

The polarized Raman spectra of the internal modes in
KI with 1.8 mol% KNO, and KBr with 1.4 mol %
KNO, exhibit different features compared to those
recorded in KI and KBr with much lower nitrite concen-
trations (Table II). The spectra are explicitly shown for
two NO,  concentrations in KI (Figs. 3 and 7). The
higher doping levels result in a breakdown of several
equalities between polarized Raman intensities, which
hold for randomly oriented defects in cubic lattices.!® In
Table II it is shown that in the highly concentrated sam-
ples I, , and I , are no longer equal. In {100}-cut sam-
ples the equality between I,, and I, still holds, but a
clearly different value is found for I,,.

Moreover, the foregoing concentration effects are ac-
companied by changes in the polarized Raman intensi-
ties, which indicate a symmetry lowering: Zero intensi-
ties observed in lowly doped samples become nonzero in
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the 1.4—1.8 mol % doped samples. A clear illustration is
the v3(B;) mode, which exhibits a nonzero I, - intensi-
ty in the 1.8 mol % doped KI (Fig. 7), at variance with
the zero intensity in the low concentration sample (Fig.
3). Similar but smaller effects are detected for the I
intensities of the 4, modes in KBr:NO, .

No attempt was made to estimate quantitatively the
concentration effects in KI and KBr, e.g., in order to
compare the magnitude of the molecular interactions in
the two lattices. The different site symmetry of the
NO,™ in both lattices and the availability of only two
concentrations inhibited a systematic investigation.

At higher concentrations the influence of impurity ag-
gregation and intermolecular interactions will also be
reflected in the Raman spectra. The presence of dimers,
trimers, . . ., etc., is generally revealed in Raman?’ and
ir®® data as weak sidebands on the internal modes. One
could attribute the nonzero Raman intensities in the
highly doped samples to such (nonresolved) sidebands.
However, for randomly distributed aggregates the inten-
sity equality I, =1,, would not break down.

The effects of electric or elastic interactions among the
NO, ™ molecular ions are much harder to estimate. We
can assume that the cubic symmetry of the NO, ™ site is
conserved. Then the analysis of the data within the
framework of the BT method —developed for defects in
cubic crystals—remains justified and one deals with a
nonrandom distribution of the NO, ™ molecules, due to
electric and/or elastic dipole interactions. Additionally,
a lower symmetry than the one established for the isolat-
ed molecular ion has to be considered. Experimental evi-
dence for such ordering phenomena was reported for
OH ™ in KCI (Ref. 29) and CN ™~ in NaCl and KCL.* It is
also possible that the dipole interactions distort the cubic
symmetry on a local scale. In that case the BT analysis,
which only applies for defects in cubic lattices, cannot be
used.

It would be interesting to investigate the polarized Ra-
man behavior of a mixed molecular crystal, e.g.,
KCN, Br,_,, which has been studied over the whole con-
centration range with a variety of experimental tech-
niques. Any resemblance of extended polarized Raman
data for this well-known system with the data of Table II
would allow one to link the concentration effects with
elastic dipole interactions, partial alignment of elastic di-
poles or even glassy behavior,’"3? and local distortion of
the cubic symmetry.** Polarized Raman data have been
published for the high- and low-frequency region of
KCN,Cl,_, (Ref. 34), the high-frequency region of
KCN,Br,_, (Ref. 35), and the low-frequency region of
KCNy sBrj 5 (Ref. 36). In all cases the data were limited
to the common I, and I, intensities.

Already from the presently available data, it is sure
that detailed polarized Raman measurements are useful
to study interaction effects in mixed molecular crystals.

Xy, Xy

VI. IN BAND RESONANCES AND GAP MODES
A. KI:NO,™
1. Peak positions of the gap modes
The low-frequency region (10-300 cm ') in KI:NO, ™~
shows some impurity-induced modes (see Fig. 5), one of
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which is localized in the gap between the acoustic and
optic phonons. A comparison of the Raman and FIR
data of this gap region reveals some spectacular
differences. The low-temperature high-resolution (0.015
cm™!) far-ir absorption spectrum shows® three gap modes
at 70.985, 79.124, and 79.804 cm ™!, while the Raman
spectrum shows only one gap mode. This Raman gap
mode was previously determined at 76 cm ! (Ref. 8) and
77 cm ™! (Ref. 37), while we deduced a peak position of
78.8+0.5 cm ™!, confirmed by the appearance at lower
frequency of a plasma line of the Ar* laser. Under
514.5]-nm excitation this plasma line does occur at 77
cm™ .

2. Character of the gap modes

The BT analysis of the polarized Raman intensities
(Table I) yields BT 14 for this mode. When using the site
symmetry deduced in Sec. III B 1, this BT is compatible
with an 4, mode of the C,, point group, which charac-
terizes a rotational motion around the dipole axis. It
should be mentioned that BT 14 is also compatible with
O, :E, (see Table VIII of Ref. 18).

Comparison of the peak positions of the gap modes
suggests the identification of the Raman gap mode with
the intermediate IR mode. However, by using a com-
bined technique of persistent ir spectral holeburning in
the bending mode at 804.5 cm ! and the detection of the
induced FIR changes with interferometry it has been pos-
sible to measure the isotope-shifted peak positions of the
FIR gap modes.® This revealed that the irreducible rep-
resentations of the modes are 4, B,, and B, respective-
ly. Therefore the polarization properties of the Raman
(A,) gap mode provide evidence for the existence of four
gap modes in KI.

The isotope shifts for two of the three modes corre-
spond to a purely translational behavior, while the inter-
mediate B, mode reveals a mixed translational-rotational
character. The rotation takes place around the O—O
axis.® As such, the FIR modes seem to be mainly transla-
tional, the Raman mode purely rotational.

3. Orthogonality of Raman and FIR results

A clear orthogonality between the results obtained in
Raman scattering and FIR absorption is established.
Indeed, the Raman gap mode with its 4, character is not
ir active, and is therefore not expected to appear in the
FIR spectrum. But all three of the FIR modes are Ra-
man active according to the selection rules of the C,,
point group. However, none of them is detected in the
Raman spectrum.

Therefore, Evans and Fitchen suggested a point-
impurity model for the NO, ™ in KI, in which the molec-
ular ion is assumed not to distort the cubic symmetry of
the lattice.® They considered parity to remain a good
quantum number, and a complete separation between Ra-
man and ir activity was argued, following the even and
odd representations of O, respectively. The Raman gap
mode was interpreted as an E, mode of the cubic group,
which is indeed compatible with BT 14 (see Sec. V A 2).
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However, polarized holeburning in the v,( 4 ) internal
mode’ induces polarization-dependent changes in the
phonon gap, indicating that the transition moments of
the gap modes are polarized. Therefore the FIR gap
modes reflect noncubic behavior of the NO,™ ion. This
was confirmed by the isotope-shift data of the holeburn-
ing experiments® indicating that two of the three FIR gap
modes correspond to a purely translational motion of the
NO, ™ ion, which is not expected for a molecular “point”
impurity.

The low-frequency Raman gap modes as seen in the 1.8
mol % doped KI:KNO, sample exhibit the same concen-
tration effects as the high-frequency internal modes. As
mentioned in Sec. V these effects may reflect an align-
ment of NO,  molecules without any distortion of the
cubic environment. In that case it is clear that only
modes which are related to the internal symmetry of the
molecular ion will be sensitive to this alignment. The
other possibility incorporates local distortions of the cu-
bic symmetry and will also have its repercussions on
modes which involve mainly nearest-neighbor motions.
In this respect the Raman data of gap modes, induced by
other molecular impurities, are worth mentioning: For
the NCO™ in KBr (Ref. 38) and NO;™ in KI and KBr
(Ref. 39) the Raman-active gap modes possess a BT 40,
which corresponds to an E mode of the C;, point group,
and not to any mode of the full cubic O, group.

Therefore we favor the identification of the NO,™ gap
mode in KI with a C,,(4,) mode rather than an O,(E,)
mode.

4. Resonant modes

The low-frequency region in KI shows in addition
modes at 60 and 138 cm !, The Raman intensities of the
60-cm™' mode (Table I) are compatible with a C,,:4,
mode (BT 60). The 138-cm ™! mode has zero Ixy,xy and
wa intensities (see Table I) and possesses BT 50 (Table
VII of Ref. 18), indicating a C,,: 4; mode. However, the
form of the C,,: 4, Raman tensor, i.e., zero off-diagonal
and nonzero diagonal elements (xx =yy and xxF#zz), is
not compatible with the zero Ixy,xy intensity, since the
quadratic equation in xx /zz, which is obtained by ex-
pressing Ixy,xy as a function of the Raman tensor ele-
ments, has no real roots. It is possible that accidental re-
lations among the tensor elements (e.g., small off-diagonal
elements) yield an observed BT, corresponding to a

higher symmetry than the actual one.

B. NaBr:NO,~

The I,, and I, intensities for the NaBr:NO, sample
(see Fig. 6) show impurity-related features at 90 and 110
cm ™!, and at 90 and 113 cm ™!, respectively. In spectra
with higher resolution the 110-cm ™! signal is also present
in the I, intensity as a shoulder superimposed on the

113-cm ! mode. The gap region in NaBr extends from
105 up to 126 cm !. Raman data have been published
for NaBr:NO,~ samples with lower optical quality,
showing a gap mode at 109 cm ™! with the same polariza-
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tion characteristics as the 113-cm ™! mode* in Fig. 6.

The similarity between KI and NaBr of the polarized
Raman intensities in the high-frequency region suggests
that one look for the same analogy in the gap region.
The 113-cm ™! mode in NaBr, characterized by s /q =0,
is similar to the 78.8-cm ! mode in KI (see Table I) and
is therefore attributed to an 4, mode of C,,. The 110-
cm ™~ ! mode is tentatively identified as induced by NO;~
impurities because (a) relatively strong Raman signals
were present at frequencies corresponding to NO; ™ nor-
mal modes, (b) the spectra of Evans and Fitchen do not
show any depolarized scattering on the low-frequency
side of the NO,™ gap mode, and (c) the depolarization of
this mode is compatible with the results in NO; -doped
KI and KBr, in which the gap modes were identified as E
modes of a C;, point group. Measurements on a
{110} -polished sample should clarify this and would also
allow identification of the depolarized mode at 90 cm !,
probably an A4, mode of the NO,, in analogy with the
KI lattice.

VII. FERMI RESONANCE

The high-frequency Raman spectra of the NO, ™ in KI
and KBr (Figs. 1 and 2) show, apart from their specific
polarized Raman behavior, a major difference in the
1300-cm ™! region, which is much more complicated in
KI than in KBr.

The doublet structure with peaks at 1308 and 1316.5
cm~! was explained as a Fermi resonance between the
combination mode vy(B;)+v' (v'=60 cm~!, see Sec.
VIA4) and v,(4,).'"'? The combination mode of the
v4(B,) mode at 1252 cm ! and the low-frequency mode
at 60 cm ™! is indeed to be expected at about 1312 cm ™!,
which is close to the position of the v,(A4,) mode. The
averaged position of the doublet structure is exactly 1312
cm~!. The symmetry restrictions governing the Fermi
resonance state that the A4, representation should be in-
cluded in the direct product of the representations of all
participating modes. In this case the direct product of
the combination mode v;®+v' with the totally-
symmetric-stretching mode v, should be considered. Re-
bane and co-workers assumed the 60-cm ™! mode to be a
B, mode, using the polarized Raman spectra of Evans
and Fitchen (Ref. 8). Our Raman results agree quantita-
tively with those of Ref. 8, but the conclusion about the
irreducible representation does not agree with Rebane’s.
The polarized Raman intensities (see Table I) are compa-
tible with an 4, mode and not a B; mode. As such the
symmetry conditions for a Fermi resonance with the
combination mode v;+v' are not fulfilled.

The doublet structure is accompanied by a third satel-
lite at about 1333 cm™!. All three components are
characterized by a BT 60 (see Fig. 3), corresponding to
C,,:A, modes, and they exhibit similar concentration
effects (see Fig. 7). The combination mode of the v;(B,)
mode and the ir-active B; mode at 79.804 cm ! has A4,
character and could be identified with the 1333-cm™!
mode. A similar explanation for the 1316.5-cm ™! mode
as being due to a combination mode of v;(B,) with any
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other low-frequency mode is not compatible with the
detected A, representation for this high-frequency mode.
The fact that the frequency difference between satellites 2
and 3 (16.5 cm™!) is twice the distance within the doublet
structure (8.5 cm™!) might be accidental. It should be
mentioned that some sideband structure is seen at about
12 cm ™! on the high-frequency side of the v,( 4,) mode
in NaBr:NO, . It would be interesting to investigate the
resemblance of this structure with the triplet structure in
KI:NO, ™ for NaBr samples with higher NO,™ concen-
tration and better optical quality.

VIII. CONCLUSIONS

The distinct dynamical behavior of the molecular im-
purity NO, ™ in different alkali halides, derived from ir
and uv absorption measurements,>’ is shown for the first
time to be connected with a different orientation of the
molecular ion in the cubic alkali-halide crystal. The
NO,™ in KI and NaBr, for which hindered rotational
motion about all axes was established, possesses C,, sym-
metry. The Raman data are consistent with the (100)
direction of the dipole axis and the {110} orientation of
the molecular plane, as was deduced from ir spectral
holeburning experiments. The polarized Raman intensi-
ties of the internal vibrational modes in KCl and KBr are
compatible with a threefold axis. The axial behavior of
the derived polarizability reflects the quasifree rotation of
the ion most likely about its O—O axis.
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The A, character of the Raman mode in the gap re-
gion of KI yields evidence for the existence of four
different gap modes, three of which are ir active and one
Raman active. This orthogonality between Raman and
FIR results cannot be explained by considering selection
rules, governing Raman and ir activity of a C,, impurity
system. The experimental data connect ir activity with
translational motion and Raman activity with rotational
motion.

The polarized Raman intensities show novel concentra-
tion effects in relatively highly nitrite-doped alkali halides
(>1 mol %). Within the BT analysis they are interpreted
as symmetry lowering and breakdown of the random dis-
tribution of the molecules.

The idea of a Fermi resonance between v;(B,;)+v'
(v'=60 cm™!) and v,( 4,), suggested to explain the dou-
blet structure at 1312 cm™! in KI,!' is not compatible
with the 4, character of the 60-cm ™! mode.
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