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Infrared and Raman studies of hydroxide ions in NaCl extended to H-» D
and %0 — 80 isotope exchange
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Substitutional OH and OD defects in NaCl have been studied with Fourier-transform infréf@dR) and
polarized Raman-scatterif®S) spectroscopy. For the first time, the motional levels of the Q¥¢re clearly
resolved in their stretch-modéSM) absorption spectra, showing no change in splitting untf@H~
— 180H" isotope exchange. Due to extremely small oscillator strengths, the first harmonic SM absorptions of
160D~ and '®0D~ defects were not detectable. In contrast to this, the almost equal RS strengths en@H
OD™ defects permitted their detailed comparative investigation with polarized Raman scattering. The resulting
low-frequency motional levels of ODin both ground and excited SM states are found to be quite different
from those of OH and are hard to reconcile with some of the existing models. A reasonably good fit of the
OH™ and OD data can be achieved with a simplg Devonshire model; this suggests hindered rotation of a
strongly off-center shifted center of mass in a potential with smaller energy barriers forddmDpared to
OH™. Despite the unexplained weakness of the first harmonic SM absorption of @idnon and librational
sidebands are observed with almost similar strength as those of Okkir symmetry was determined by
polarized RS and/or FTIR absorption measurements under uniaxial stress alignment. The “normal”
OH™/OD" isotope shift of the librational sideband and the observation of its second harmonic show that this
angular motion occurs around the center of mass in a strong and nearly harmonic potential.
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[. INTRODUCTION fields or stress:® Time-dependent electro-optical or electro-
caloric measurements revealed the Ot¢orientation kinet-
For the understanding of the reorientational tunneling ofics as a one-phonon-assisted tunneling process with a lin-
OH™ ions observed in many ionic solids and glasses, dilutesarly T-dependent ratéThe observed strong decrease of this
substitutional OH defects in alkali-halide crystals have rate for hosts with growing cation mass and lattice
served as simple and well-defined model systems. By Couparametefswas attributed to an increase of the dressing ef-
lomb and short-range repulsive interactions with the surfect that hinders reorientational tunneling. For this group of
rounding lattice, the egg-shaped OHnolecules form an crystals, the smallest hindering effect and largest tunneling
effective reorientational potential, the equivalent minima ofsplitting of OH™ was found in NaCl.
which determine for each host their molecular orientations. Beyond this endpoint of the hosts wii00) oriented
Since the beginning of this field about 35 years ago, th@dDH™ impurities lie only the alkali fluorides. In this new
most abundant studies have been for Oid crystals built  group, reorientational tunneling of OHhas been doubted
from Na", K*, Rb" cations and Cl, Br™, I~ anions. These for a long time due to its very tight fit into the small'F
yielded (100) orientations for all cases except onghe vacancy. Only our very recent stress-optical Fremd po-
(110)-oriented KI:OH").! In spite of this apparent simplic- larized Ramatf studies in LiF, NaF, and KF have revealed
ity, these systems are much more complicated compared the OH  reorientational properties, which are simpler and
the expectations of the initial theoretical modetie to the  very much in contrast to the ones in the above-discussed
shape and sizdike an elongated F ion) of OH™, its sub-  group of hosts. The molecules hay&11) oriented disk-
stitution into the much larger anion vacancies of these hostshaped elastic-dipole tensors and small electric-dipole mo-
can lead to sizable off-center shifts of its center of massnents, without substantial c.m. off-center shifts or dressing
(c.m) and center of charge. Moreover, gerade and ungeradeffects. This latter was confirmed by systematic OH
distortions of the surrounding cubic lattice will add an extra — OD™ isotope exchange experimeft¥,which showed by
“dressing effect” to the bare molecule in eacfl00)  the resulting strong reduction of tunneling splittingthat in
orientation>* The resulting electric-dipole vector and these hosts the H or D atom is essentially the reorienting
elastic-dipole tensor contain a combination of these molecuparticle. For the hosts wittil00) oriented OH ions, a very
lar, displacement, and dressing properties. Their stat¢) different isotope effect can be expected: due to sizable off-
symmetry, and the “cigar-shape” of the elastic tensor havecenter and dressing properties, translational, and rotational
been mostly determined by dichroism measurements of eimotion of both H and O should play a role in reorientational
ther the electronidultraviolet, UV) or vibrational(infrared,  tunneling. By far the most interesting and attractive system
IR) absorption of OH, aligned under applied electrical to study this is th&€100) borderline system NaCl:OHwith
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its large well-resolvable tunneling splitting. In spite of NaCIl:OH

extensive earlier studies of this systémhich we will re- 25‘4A A1 25
view in Sec. lll A), the question of isotope exchange effects [ e ]
on reorientational tunneling has essentially not yet been ad-
dressed or solved. We try to do this in this paper with FTIR - ]
absorption and Raman-scattering spectroscopy, employing 20 120
both H— D and %0 — %D isotope exchange. [ ]

Il. EXPERIMENTAL DETAILS I

The crystals were grown at the University of Utah, with 15_ 173
the Kyropolous technique from a melt of ultrapure powder
doped with a proper sodium hydroxide. The “normal”
doping-material NOH was also used to synthesize by re-
action with water isotopes H%0, D, %0, and B%0 the
isotopic doping materials N80OH, Na®0OD, and N&%OD,
respectively. For the growth of ODdoped crystals, the nor-
mally used Ar atmosphere was mixed with about 30% ef D
gas to avoid back conversion of ORo unwanted OH. The
concentration of OH was determined to within an accuracy
of 10% by pH analysis, the intensity of the near-infrared
stretch mode and the intensity of the UV electronic absorp-
tion. For OD -doped samples, the SM infrared absorption of Vv Vv
isolated defects is not detectable. Therefore, the total concen- 0 SMIR Transitions 1
tration was determined bp H analysis and electronic UV o
absorption instead, and the OHconcentration was sub- _ FIG. 1. Low-energy levels of OHin its ground {o) and ex-
tracted. We assumed the UV oscillator strength to be identi¢€d (1) SM state. The diagram is based on the indicated FTIR
cal for OH™ and OD .** This procedure is less accurate, andtrins't'%ni’ Obse{aVEd w(; ZIA? 2.hTheT§1 tlet\)/els, SX?eCtgd Z°¢§f

: ! where between B,, and 4A,,, have not been determined. This
res.ll_Jrl]tZ Ilrll? a;bggrcgirgr‘:nst)rgeocftrezlibevuetrsfﬁasure d with a Brukelevel diagram is ip_very goodgagreement with the one derived from
IFS88 FTIR spectrometer with a resolution 0.1 cri . hevo — vy transitions by Peascoe and Kidief. 13.
The Raman-scattering experiments were performed with a
Dilor XY-800 Raman Spectrometer, equipped with a Wright
Instruments nitrogen-cooled 128@00-pixel CCD detector. A. Review of previous work
The 514.53 nm line of a Spectra Physics 2020 Aaser was

;S iifsf;;(lmtﬁitl%Tesx%lijtgt?ér?uﬁvt/%:geb\é\/tsve:akgrfsfogfgr]lz F;?lom ﬂ/ we give a brief review of some earlier published studies,
gnal, y hig P o provide the context for the interpretation of our own re-

_rpr\]/g tvgtzgel:;teﬂ'e-r;'?hfsfggﬁsd L%iz?rﬁ;iegi?éilggzl f?grit'?k?sglts. Itis crucial to understanq that sqme_experimental tech-
intensity ratio of Stokes and anti-Stokes low-frequency spec-'q-ueS probe.only the states in the_ vibrational glrouhd state,
tra, and was found to be about 5 K higher than the heat\_/vh|Ie all studps of SM transitions involve comlb|nat|ops of

' . energy levels in the ground state,j and levels in the first
exchanger temperature. Spectral resolution was 1.7—=

15cm L in the low-disbersion mode of the spectrometer excited state ;) of the SM vibration. Figure 1 shows an
aﬁd of 0.3 el in the h'ph—d's ersion mode Dg endin On’energy level diagram, based in part, on our measured IR

: : Ig-dISpersi - bepending transitions, which are indicated in the figure, and in part, on
the strength of the elastic scattering, we can measure t

R A d 0 bet 5 and 10 Enbut it i blished data as discussed below. It is evident that the en-
h:rgatr; Sdpeetgrrrzme (t)l\ql\:g Igweer V;:reneltn ac?SrateI bel::aluslz theergy levels in the statas, andv, are significantly different.

o S y Also, because numerous nonequidistant levels have been
filtering of the spectrum in this spectrometer mode does noj

have an ideally sharp edge. This distorts the spectrum in thg?éltf;dﬁg iﬁg\l,lvtm?, T:Eimn(ljt Sviduessg r||rt1) etﬁewét:sz;gfnt%l: P
lowest few wave numbers. : g. L &

All Raman-scattering experiments were performed in notationA, (or A,) for the splitting between the lowest and

First (or second tunneling state; similarly in case of;, the
90 ° scattering geometry. Samples cleaved al@r@) sur- . A% " ' -
faces were used to recorl00,100 (or Ay+E;) and notationsAy , A3, andA3.are used for the §pl|tt|ngs from
1 , the lowest level up to the first, second and third level, respec-
(100,010 (5T,4) spectra. Samples polished to have WO tively.
(110 surfaces gave u§l10,110) (%Eg) and (110,110 (A, Kirby et all* studied thev, — v, transitions with a far-

+ %Eg+ %ng) spectra. Note that for the symmetry notationsinfrared absorption technique, and found a complicated spec-
and T4, we are using the convention of Ref. 12, which trum in the range 0-25 cnt. With the potential barrier of
differs from the one used by Ref. 13 by factors 4/3 and 2the rotational motion estimated from the measured librational
respectively. frequency, they concluded that the sizable reorientational

Energy (cm™)

1Ty ]

o

c 0A,] 0

Ill. MOTIONAL STATES OF OH ~ IN NaCl

Before we describe our experiments on the Olmpu-
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tunneling of the molecular axis could account for the lowest (— : : :
three levels. To explain these higher transitions above the
tunneling levels, they adopted a model that also included.
translational motions of the c.m. around {00 equilib-
rium position, parallel and perpendicular to its off-center
shift. The two excited states of this translational motion are _-|®
also split by reorientational tunneling motion, creating a
complicated set of energy levels. The valuesAgrand A,
derived from this model were 2 and 3 cth

The scattering of phonons by the levels in the ground state:
has been investigated with much lower spectral resolution by § |(®) ; ;
thermal conductivity measuremertfsThese revealed the = AT
presence of more than one tunneling level in the 0.9 to
2.8 cm ! region. The experimental curve could be fitted rea-
sonably well to an energy level diagram based mostly on the
far-infrared absorption data, using splittings of;
=1.9cm !t andA,=2.8cni , and higher levels present up FIG. 2. FTIR spectra of the SM transitions between the low
to 22 cni L. energyv, andv levels, measured at 4.5 K féa) NaCl + 160 ppm

Later, Windheim and Kinder determined the splittiag ~ OH » (b) NaCl+40 ppm OH" [shifted by+11.3 cm * for com-
=3.3cm ! with phonon spectroscop{. Their results under Parison with(@) and(c)], (c) NaCh-10 ppm OH'.
applied (1000 uniaxial stress fit very well to a model of
(100) dipoles, with an elastic-dipole moment=6.09
X 10?*cm?®. However, this does not necessarily mean that th
molecule has 4100) orientation, because the elastic-dipole
tensor might also represent the off-center shift of the mol
ecule with a different orientation.

A study of the electrodichroism of the UV electronic ab-
sorption band of the OH revealed a dichroism that is com-
patible with a(100) orientation, but not with(111) and
(110 orientations. It is also very similar to that observed in
RbCI and KBr hosts, for which th€100) orientation of the
OH™ has been quite convincingly demonstrated.

Peascoe and Klein measured both low-frequengy (
—vg) and high-frequency uy — v4) polarized Raman
spectra® In contrast to the prediction of the Kirbgt al.

NaCl:OH"

T=45K

0.5cm

Pair

40 ppm

bsorption Coefficient

Frequency (cm™)

moves between six off-center positions with potential wells
é)f elliptic shape. This model explains the positions of the
observedv, — v transitions well, including one that is not
explained by the Devonshire model. The reorientation of the
molecular axis is assumed to take place in fundamentally the
same way as in the previous model, i.e., adiabatically
coupled to the motion of the center of mass between the
wells.

Evidently, the choice of model has some consequences
for the labeling of the states. The symmetry of the states
alone does not uniquely identify the levels. Peascoe and
Klein®® included the rotational quantum numblerin their
assignment of levels, because they treated the system as a
hindered rotor. Suto and Ikezafflanstead denoted the state

model, no A, translational Raman transitions were observe f the translational oscillator that plays a centr_al role in their
in the ,Iow-frgequency measurements. Therefore, it was con- odel. Because Peascoe and Klein's paper is, for our pur-
cluded that the translational motion barallel to tr;e off-centelposes’ the source of mo.st reference data,.we will use its

o . o notation for the levels. This makes a comparison of our val-
shift did not exist as a pure mode. A modified model was

suggested with strongly coupled translation-reorientationa] es with the tables of Ref. 13 easier. This is a practical de-
9ges ongly P : ision entirely, and should not be interpreted as a preference
tunneling: The motion of the c.m. between %00 off-

center wells is followed adiabatically by reorienting the equi-for the model proposed in that work.

librium direction of the molecular axis. This coupled motion )
was treated with a simple Devonshire poterifiaf a weakly B. Infrared and Raman Experiments
hindered rotor or an off-center monatomic defect. The ob- \Wedding and Kleiff identified eight peaks in the SM
served Raman transitions together with the earlier SM ababsorption spectra at various Oktoncentrations, but they
sorption dat# could well be fitted to simpl&/, Devonshire  did not yet identify these as fine structure due to tunneling
energy levels, yielding\;=2.0 andA,=3.2cm * for vy,  states. Peascoe and KiEishowed how these SM transitions
and differentA =1.8 andA3 =4.5cm ! values forv;. could be interpreted in the framework of the level model
A later analysis of the polarized Raman spectra with thethey derived fow 4 andv, from Raman measurements. How-
behavior type methdd confirmed that the molecular orien- ever, not all tunneling transitions had been clearly resolved,
tation is close td100), although allowing for the possibility and a more recent work by Nanket al?! also failed to
that it slightly deviates from thi¥ achieve this. We have performed high-quality FTIR mea-
Suto and lkezawd determinedA;=1.85cm* and A, surements of the SM absorption, to resolve all its tunneling
=3.41 cm ! with millimeter wave absorption spectroscopy. splitting.
To explain the energy-level structure, they made a linear Figure 2 shows the SM absorption spectra of samples at
combination of atomic orbitals-molecular-orbitél CAO- three different concentrations. It is important to note that
MO) calculation in which the center of mass of the OH spectrum(b) was measured in a sample with 40 ppfOH~
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T interactions between the molecules, other imperfections, or

11 (@) NaCl " C T background strain. In Ref. 21, ti&band was described to a
+40 ppm “OH" C, pair line because of its stated quadratic concentration depen-
dence. In our analysis, the intensity of tBeline increases
Aia, with a lower power € 2) of the concentration, which is hard

to determine accurately due to the rising overlap with Ahe

and C bands at higher concentrations. We found, in fact, a

sharp line at 3636.2cnt (see left side of Fig. R which

carries all features of a pair line: exact quadratic concentra-

tion dependence, much smaller width than all isolated OH

absorptions, and appearance of splitting due to @bD™

: - . . mixed pairs in double-doped crystals.

3630 3635 3640 3645 At high concentrationsee Fig. 2a)], the other transi-

Frequency (cm’) tions, which involve the energy levels abovE&gp are ob-

' (b)' o served. They too fit into the energy-level diagram of Fig. 1,
with D assigned to the T;, — 2T,y, andE; to the ZE,

ﬁ;__‘ — 3Ty, transition. E, might very well be the B4

e — 3T,, as indicated on Fig. 1, in agreement with the ob-

§ served increase of tHe, /E, ratio at higher temperature. The

Absorption Coefficient (cm")

N W ao®

: G 2. exp-a/kT) 1 D =L-A o AEKT 2 .
C, 1 extremely weakF transition can be assigned toT4,
Aj=21cem? L AE =9cm’” _ 4Alg )
Y — 0121' N 04 00 02 — 08" Anti-Stokes-type IR transition®’ and G’ are observed
T (K T (K as temperature increasgse Figs. @) and 3a)]. D' is as-

signed to the Z,;— 1T, transition, andG’ to the 3Ty,
— 2T,4. The equivalent Stokes transitidd is barely de-
tectable between th€, andD bands at 6.7 K in Fig. 3.

Besides the appearance of anti-Stokes absorptions, in-
crease of temperature results in two effects: loss of the spec-
tral fine structurddue to broadening of the individual lines
and was plotted in Fig. 2 after a shift of 11.3th(the  and loss of integrated SM absorption intensity. The latter
expected isotope/reduced mass frequency chatgiwer  effect is illustrated in Fig. &) for *®OH™, but is also ob-
energy. Comparison of this shifted spectrum to that of the 1@erved similarly for'®*0OH". At room temperature, only 20%
ppm *®OH" doped sampléc) shows that the spectral fine of the intensity at 2.5 K remains. As far as could be detected,
structure has not changed by th&0 — %0 isotope varia- this is not compensated by an absorption increase in the SM
tion. In both cases of low concentration, the bréedndC  sidebands, discussed in Sec. VB. Such a strongly
bands from spectrunta) each become resolved into two temperature-dependent SM absorption intensity has not been
components. As due to its higher signal to noise ratio theobserved for OH in other alkali-halide hosts. The measured
spectral fine structure is better in the 40 ppf®H~ sample, temperature dependence follows an exponential law with an
we use it in Fig. 8a) to show its temperature variation, plot- activation energy of~9 cm !, which corresponds approxi-
ted at its original(unshifted frequency. At the lowest tem- mately to the energy difference between the average of three
perature 2.5 K) theC; band becomes dominant compared|owest levels and the T, state. This implies that the ab-
to the others, therefore it must be th&Q — 1T,, transi-  sorption intensity could be linked in some way to the thermal
tion. Since theC, band is the second dominant, it must be population of higher energy levels that give rise to smaller
the transition from the first tunneling stat& 4, of v, to 2E, absorption. Such an effect could have some relation to the
of v;. The absorption intensity ratio df, to theC, as a  observed weakness of the ODabsorption, described and
function of temperature can be well-fitted to the Arrheniusdiscussed in Sec. IV A.
relation[Fig. 3(b)], yielding the energy-level splitting ; to We also performed measurements5aK of the elastic
be 2.1cm. dichroism of the SM absorption. For the 10 ppm Okrys-

The component#\; and A, are identified as the “anti- tal, our result unde¢100) stress can be fitted reasonably well
Stokes™ transitions ofC; andC,, respectively. Their accu- to a cigar-shaped elastic dipole moment af=+6.2
rately measured frequencies provide the lower level splitting< 10?*cm®, close to the value determined by phonon
parameters, A7=1.7cm !, A,=3.2cm!, and A}  spectroscopy®
=4.5cm 1. These parameters are in good agreement with We also performed several polarized Raman-scattering
the previous studies. experiments on OH, mostly for direct comparison with

As concentration increases in Fig. 2, a new Bhappears, OD™; some of these OH spectra will be shown in Sec.
growing faster than linearly with increasing concentration. ItIV B. Both low- and high-frequency spectra are similar to the
most probably represents the classical SM transition of OH data of Ref. 13, and showed very little new details. As one
oscillators for which the tunneling splitting is suppressed byminor extension, we observed a@ K a shoulder of the

FIG. 3. (a) FTIR spectra of the SM transitions dfOH™ in
NaCl at three temperatures: 2.5, 6.7, and 14(#. Ratio of the
absorption strengti€, /C, versusT 1, yielding the activation en-
ergyA;. (c) Total SM absorption intensity, plotted linearly ¥s 2.
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2 T T T i T T T T

' T dicates that these lines are associated with larger clusters of
~ =] @v 23\?':8;)\/ SV, (x5) -Ecleascm_1 10° OD™ ions, n_ot _With th_e isolated OD impurity. _An
e ™~ 2 ook 1ok . 2 . 2684 cm” 2 OD™-OD™ pair line, which corresponds to the line at
T /° ° o s28em’  f s 3633cm ! for OH™-OH™ pairs (see Fig. 2 is observed at
e g, To0pem|, ) 5 ] 2681 cm ! with a quadratic concentration dependence.
ST 1 ] 3 £ The nature of these lines was further investigated by
g . 410 ppm 10'2§ quenching the samples from 540 K, a procedure expected to
g . | g reduce the number of aggregates and increase the number of
2 - i el ’ 1.,8  isolated impurities. An overall reduction of the absorption in
3‘#9"' Doy / * the spectral region of 2670 to 2700 ciwas observed, but
T e none of the lines in this range increased in intensity. How-
Frequency (cm") [oo] ever, we found one rather broad band at 2707 timarked

FIG. 4. SM absorption spectra of NaCl samples with four dif- as B in Flg. 4@)], Wh'Ch appears in t'he 700 p_pm OD
ferent OD™ concentrations, measured at 2.5 K in the first harmonicCyStal to increase slightly after quenching. Allowing for the
(a) and second harmon((b) SM Spectra] range. |(n) the strength d|ff|CU|ty Of accurate integration Of th|S broad and Weak ab'
of three selected transitioisnarked in(a) and (b) with identical ~ sorption, its intensity is found to increase roughly linearly
symbolq is plotted in a double-logarithmic scale versus the concenwith OD™ concentration. As this line lies at much higher
tration. energy than the expected transition of isolated Qe as-

sign it tentatively for a transition between thaf) and 3T,
0A;4 — OA,4 transition, about 0.9 cmt above the SM fre- states, corresponding to tig transition observed for OH
quency. Most likely this is the By — 2E, transition, which ~ (see Figs. 1 and)2Finer details and the importance of this
was expected to be found with a shift of 1.3¢h assignment, will be discussed later after presentation of the
OD™ Raman results.

In reference to the second harmonic spectra in Hb),4
we expect the frequency of isolated ODo lie at 5285

In comparison with the extensive previous literature on+2 cm ! (using as before, the frequency ratio of second to
OH™ in NaCl, studies of the OD impurity have been very first harmonic frequency in other alkali chloride hosts,
few, and mostly unsuccessful. Kirtgt al. found no measur-  1.9654+0.0001, as a guidelineWe see, indeed, in Fig(d)
able vy — v, absorption that could be associated with theg Jine at 5285 crii?, the intensity of which increases linearly
OD". The far-infrared spectrum of their OBdoped  with concentration as shown in Fig(e}; therefore it can be
samples showed only the weak absorption of the small unsriputed to thev, — v, transition of the isolated OD de-

wanted amount of OH.™ Similarly, Wedding and Klein  fecis |t is amazing, however, that no spectral substructure
found no near-infrared SMvg — v;) OD™ absorption, and 46 to the energy-level splitting af, and v, can be ob-

concluded that its integrated absorption intensity must be afg e Though for high concentrations, this could be due to

least 120 .t'mges smaller than that of OHor the same strong interaction effects favoring the classical transitn
concentratiort® At least partially successful was the study of o . .
(as observed for in first harmonic transition for OH the

thermal conductivity® Its measured temperature variation lack of substructure down to 30 ppm in Fig(b# is not

was found to be very similar for OH and OD -doped . ;
NacCl, indicating that the low-energy levels of both isotopesunderStandable' The broadgartially overlapping absorp-

are of similar magnitude. In view of this lack of quantitative 10" at lower energy around 5282 chscaling much stron-
knowledge about the NaCl:ODsystem, we study it in this 9€" with concentration, observed in Fig. 4, is most likely due
paper with FTIR and Raman techniques over a wide range o_tP OD™ aggregates, similarly observed for the first harmonic

OD™ concentrations. in Fig. 4(a@). - . _
An important additional first and second harmonic mea-

surement was performed on a sample doped with roughly
equal amounts of®0OD~ and ®0D~. Motivation for this

In Figs. 4a,b we show for four different OD concen-  was the hope that by an oxygen isotope exchange, the unde-
tration absorption measurements at 2.5 K in the region of itsectable first harmonid®0OD~ SM transition could become
first (vg— v4) and second harmoniaw§ — v,) SM transi-  weakly detectable and even reveal, by its spectral fine struc-
tions. The actual first harmonic “classical” vibration of iso- ture, the involved level structure af, andv,. Alas—this
lated OD defects is expected by the OHOD™ SM fre-  hope failed totally in the first harmonic. The observation of a
quency ratio (1.35650.0002) in other alkali-chloride hosts very weak second harmonic with the expected isotopic fre-
to lie at about 26935 1.0cm X. Mostly at lower frequen- quency shift confirmed the presence $OD™ defects, but
cies than this expected one, we observe several peaks in higlid not reveal anything new. The physical origins of the
OD™ -doped crystals, which do not scale linearly with the extremely weak infrared absorption strength of the O
OD™ concentration. Two particular ones, marked in Fi@4 NaCl have so far not been understood, but will be discussed
with @ and B symbols, increase approximately with the with the SM combination band in Sec. V because the SM
fourth power of the OD concentratior{Fig. 4(c)]; this in-  transition alone is not allowed by the infrared selection rule.

IV. MOTIONAL STATES OF OD ~ IN NaCl

A. Infrared absorption studies
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15| OH @ NaCl a oD~ oH _ NaCl 0D pa
; A\,. //L_
<100,100> b
i 1 10K L
- 10 A +E, 5 af i~ - 1,
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Raman Shift (cm™) Anti-Stokes ~} Stokes Anti-Stokes == Stokes

Raman Shift (cm'1)
FIG. 5. Comparison of SM Raman spectra for OKeft) and
OD™ (right). The OH concentration was 160 ppm, the O@on-
centration 30 ppm. Note the large differences in intensity scale.

FIG. 7. Comparison of low-frequency Raman spectra for OH
(left) and OD (right). The OH concentration was 160 ppm, the
OD™ concentration 200 ppm. Note the factor four difference in
B. Polarized Raman scattering studies intensity scale for the two polarizations.

The high-frequency(SM) and low-frequency Raman transitions, and the second column shows in which symme-
spectra of OD are displayed in Figs. 5, 6, and 7, togethertries a transition is Raman allowed. The problem of analysis
with OH™ spectra for comparison. The Obbpectra are es- s further simplified because at low temperatures, only the
sentially identical to those published by Peascoe and Kfein. jowest levels in the SM ground state are significantly popu-
The low-frequency spectra shaw — v transitions, and the |ated.
high-frequency spectra showy — v, transitions. Selection The most convenient way to identify the peaks is to start
rules determine what transitions are allowed in spectra ofvith the high-frequency spectra in Fig. 5. The main padatk
Aig, Toq, OF Eg symmetry, and are a considerable help forthe A;4+ E, spectrum is the 8;4 — 0A,4 transition, at the
interpretation. Table | gives an overview of the observediundamental frequency of the stretch mode vibration. Other

L R B TABLE I|. Overview of the OH and OD Raman transitions.
NaCl:OD™ The first part of the table describes thg— v, transitions, and the
a listed frequencies are all relative to th&f) — 0A,4 line. For OH
! this is at 3651.7 cm', and for OD at 2687.2 cm’.
<100,100> !
Aig+E, i Transition Symmetry Label  OH™ oD~
0 i i Vo—Vq
5 N 3Ty — 1Ty, Eq, Tag
E <110,110> i/ 2T,g— 0Ayg Tag e -11.0 -55
z | Aot 1Bt 3 Te 2Tog — 2B, T2g
g : 2T29 — 2ng A]_g y Eg y ng b - 37 - 12
E i 2E4— 0A, Eq b,h -33 —49
5 | 100010- 3Ty — 3Ty A1g, Eg, Tag
g 1 | ' OAlg — OAlg Alg a 00 00
2 A \ == 1T, — 1Ty, Ayg, Eq, Tog c 00 -03
. 2E,— 2E, Asg, Eq 0.9
i C 2E, — 2T T
T ' g 29 29
<ene -y, g 0ALy — 2E, Eq g 45 51
45 aalag ALy — 2Ty Tag d 68 42
R T TN P S SR 1T1u - 3T1u Eg 1ng f 12.7 16.2
2670 2680 2690 2700 2710 ; 5
Raman Snift em”) 2Tgq — 4T, Eq.Tag j 19.1 24 7
Vo — Vo
FIG. 6. SM Raman transitions of ODin different symmetries. 1Ty, — 3Ty, Eq:Tag a,y 13.6 12.8
Spectra were recorded from a sample with 200 ppni OThe 1st  0A;5 — 2T, Tog B 11.9
and 3rd spectra have been recorded in high resolution, the 2nd armrzg — 4T, Eq.Tag ) 26

4th in low resolution.
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Es _  NaCl _ vation energy is 3.9 cmt, while the spectral position of the

em™ 4Ty — . lines indicates that theT, level is at 5.5 cmt,
OH™ 307 A oD L3 O To locate the E, level, we have to identify the
20 Vo 3 Vi Ca0 V1 0A;4 < 2E, transitions. These havE; symmetry, and to
] e ot | distinguish them from anw,4 lines, we recorded a
5 / vl spectrum. Figure 6 shows the B¢, 1/2T,y, andA 4+ E,

<
(=)

/

I/

I

3T,— 1 —_——— 3T [ spectra on a similar intensity scale. The signal noise/ratio of
2u

Mu—1—|— / [ — a7, the sample polished to hay&10) surfaces was considerably
f2 - worse than that of cleaved samples; therefore, these spectra
] [ were recorded in the low-resolution mode of the spectrom-
101 o f 10 eter, and were smoothed afterwards. Thg p— 2E, tran-

7 I sitions h and g are at slightly different positions from the
— 2Ty 0A4 < 2T,g4 transitionse andd, and Fig. 8 shows the con-

sequences of this: In the, state, the &4 and 2T, levels

] e 25; [ — 25 are now very close, while for OHthey were separated by
2By — _%h - 8.3cm L. In the v, state, the order of the By and 2T,
e ] 1Ty— == —_——— 1T, [ — T levels even appears to have been reversed.
DA o4 0A a 0A, Lo — 0y, Inthe A4+ E4 spectra for OH, two wide, low peaks can
Vo Siraman ramarnona” V1 just be seen on the high-frequency sidedoOne of themf,
was identified in Ref. 13 as theT}, — 3T, transition. In
FIG. 8. The part between the scales showsithendv, levels  the OD spectra only a single pedKs visible in this range,
of OD™ in NaCl, constructed from the polarized Raman transitionsg|though it is slightly asymmetric. We assign this to the
at low () and high frequencyd.b, ... f). Thoughe, f, andc 1T, — 3T, transition, but it is possible that it overlaps
determine the relative energies of the ungeradg,land 3T, with other transitions.
states, their energies relative to the gerade states was determined Based on this interpretation of the high-frequency spectra,
from the OAlg — 3Ty, IR SM transition. On both sides, outside the e can now ana|yze the |0W_frequency spectra of F|g 7.
energy scales, the, andv, levels of OH are plotted for direct  These are, of course, limited at the low-frequency side by the
comparison with the equivalent ones for OD presence of the strong laser line, and although we plot spec-
tra starting from about 5 cit, we expect considerable dis-

transitions between states of identical symmetry are Ajgo tortion of the spectra in the range 5-8 chn

allowed, and because the levels are not equidistant inghe . €A1+ Eq spectrafor OF and OD are quite similar,
. because they are both dominated by a single strong transition
and v, states, the peak becomes asymmetric. At the low

f e the T oT e learlv b @, which at 10 K is only visible in Stokes scattering, but at
requency side, the By — 2T, transition can clearly be 55 i i5 150 visible in anti-Stokes scattering’(. This is the
distinguished as a shouldbron the main line.

i ot ) 1T,, — 3Ty, transition, and it is at slightly lower frequency
The 1/, spectra are basically similar for both isotopes,for OD~. For OH™, a shoulder on thisa transition at
however not in the size of their splittings. At low tempera- 21 cni ! has been identified as thdEg — 4A4 transition™®
tures, there is a strong central pezthat has a slightly lower but for OD~ we cannot confirm its presence.
frequency than the A;; — 0A,4 transition. For OH, this TheT,4 spectra on the other hand are quite different. The
has been attributed to ther], — 1T, transition, and it is OH~ spectrum shows a single strong pe@lcorresponding
likely to be the same for OD. In both cases this peak is to the 0A;; — 2T, transition, with its anti-Stokes equiva-
surrounded by transitiond and e between the 2,y and lentg’. From the high-frequency spectra, we determined that
0A,, states. These are not equidistant from the central peakiie 2T level is quite a bit lower for OD, probably below
again, because the level splitting is different in the groundhe frequency range in which we can collect reliable data.
and excited state. The main change from Oid the strong Indeed, no corresponding peak has been observed for
decrease of the frequency shift for ODif we put these OD™. A very small peaky remains at the expectec_j position,
transitions into a level diagram as in Fig. 8, we see that th@nd & somewhat stronger pedis now seen at 27 et The
T level in the ground-state, is much lower for OD than ~ unwanted presence of about 5 ppm of OHn this
for OH". OD™ -doped sample could partly account fgr and besides
As the temperature increases and the higher-energy leveldis one also expects to see something of tfig,1- 3T,
in thev, state become populated, the ratio betweerdtaed ~ transitiona in 1/2T,4 spectra.y may therefore have several
e peaks changes. A quantitative analysis of this could als60m99';?m5- A careful comparison shows that dhgeak at
yield a confirmation of the splitting between th&2 and 27 M " is presentin both 172, andA,4+ Eq Raman spec-
0A,4 levels. Unfortunately, the local heating by the focusedtra, but in the latter, is almost completely buried under the
laser beam results in a considerable uncertainty on the exagtfong @ peak. The implication is that this is a transition
temperature dependence. Local temperatures determin®§tween twol-type states, maybeT2g — 4T,.
from low-frequency Stokes and anti-Stokes Raman spectra
were 5 to 10 K higher than the heat-exchanger temperature,
depending on laser power, sample quality, and the presence From these observations and interpretation, we can derive
of lattice defects. Our rather uncertain estimate for the actithe OD  level diagram shown at the center of Fig. 8 in

C. Construction of models from observations
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comparison to the OH levels at the outside. In contrast to NaCl oD OH oD-
the large effect of the hydrogen isotope variation, #@© @ Y1 Vo Vie—Vy Vg—V; VgV (p)
— 180 isotope substitution produced no measurable differ-
ence in IR and Raman measurements. i
A limitation inherent in Raman spectroscopy is that there e
are no allowed transitions between gerade and ungerad
states. Therefore, we have two sets of levels, but cannot COMg,, ;
clude anything about the relative position of these. The near3
and far-infrared absorptions are, of course, the best source &
information about the relative position of gerade and unger-
ade states as shown to be the case of OFbor OD , how-
ever, we have seen in Fig(a} of Sec. IV A, only one weak
broadband that could be identified as an absorption line ol 3 "="T
isolated OD'. In parallelity to the observed SM absorptions 50 130 130130 =B
of OH™ shown in Fig. 1 and 2, we assign tentatively this  J . s To W0 '
only available broad OD absorption to the 8,4 — 3Ty, Keg—
transition orE, band. This determines the energy position of  FIG. 9. The obtained, andv, energy levels of OA and OD"
the 3 T, level in thev, state, and via the observed Raman (horizontal barg plotted by best fit of the lowest levels into a
transitionse, f, andc also the position I,, in bothv, and  simpleV, Devonshire diagram. The vertical arrows indicate devia-
v, as well as 3, in thev, state. We indicate in Fig. 8 the tions of the experimental data from the model. For all four cases,
still existing uncertainty about relative positions of geradethe B value chosen for the fit is indicated.
and ungerade states by dashed lines for the latter. If these ] ]
lines are valid, the lowest tunneling splitiny; between SYStéms. In contrast t@! now the LL's show increasing
0A;q and 1Ty, would have become slightly reduced by the deviations and the HL's a good fit along the sequence of
OH™ — OD" isotope exchange. systems. - o . -
We can be much more confident about the changes o‘t For both fitting processe@) and(b), the “starting-point

104

+5
+— K/B

splittings between the gerade states, all determined by pola In the middle of Fig. s thevo (OH ) system, for which

) . " all energy levels can be fitted by a single choBevalue. In
ized Raman scattering. The splittidg, between @, and ;

. . X contrast to proces&), this B value can be preserved b
2E4 increases considerably by the OH-» OD™ isotope ex- P ) D )

for the other systems, to fit at least all their HL states. This
change for bottvy andv, state to values oA,=4.9 and  3kesB=1.3cm ! and its related moment of inertia

A3 =5.1cm ', respectively. Even more obvious is the de- —42/28=13 amu & the best common fitting parameter
crease of theds splitting between B, and 2T, by the  shared by all four systems. Restricting (vithout any
isotope exchange, strong enough to bring indhestate the  “dressing” by surrounding lattice distortiongo only the
2T,y level below the E, level, i.e., makeA3 smaller “bare molecule,” its large value is equivalent to the rotation
thanA% . of the oxygen about a point on the OHbond length of

How do our new OD results fit into the empirical mod- 0.96A, very close (0.06A) to the hydrogen. This is of
els proposed and used earlier for the motional behavior ofourse confirmation of a large off-center shift of the molecu-
OH~ in NaCl? Obviously, we start with the Devonshire ap- lar center of mass. In its rotation around the vacancy, the
proach that was successfully employed for the Raman resylgdiabatically following molecular reorientation around its

in Ref. 13. Figure 9 shows for this model, the energies an®Wn ¢-M. contributes only very little£6%) to the total

symmetries of hindered rotational states, produced from thgalue ofl. The slight opposite changes in the two contribu-

: ; . . tions by the OH/OD™ isotope exchange compensate each
free rotor states by_ an |ncrea5|_r\g po tential (with poth other and keep the totdl constant. The minute increase
energyE and fotentlal strengtK in units of the rotational (~0.02A) of bond length between, andv; due to weak
cgnstantB—h /21 of the .system Wwe t‘r‘y to fit mEo this SM anharmonicity is even more negligible for the tatal
diagram the resljlts of Fig. _8 for our §equence le four We choosgb) as the more correct description, because it
systems [vo(OH") — v3(OH") — vo(OD™) — v1(OD7)]  yields for all our systems, a good fit of their HL states, and
in two different ways: the assumption of a constaBtvalue seems physically cor-

(&) A very good fit of the four lowest leveld.L) can be (et Its deficiency, the increasing misfit of LL states along
achieved for each case, however, only by assuming a rathgjr sequence of systems, could possibly be removed by a
strong gradual decrease of tBevalues along the sequence of well-justified extension of the Devonshire model. The use of
systemgsee Fig. 8)]. While this achieves a good fit also to only the first termV, of the expansion of the potential in
the high levelHL) of vy (OH™), increasingly stronger de- spherical harmonidé is surely a drastic simplification. As
viations between measured and predicted HL valiledi-  Beyelef? showed, this yields only100) and(111) orienta-
cated by arrowsdevelop along the sequence of systems. tions, and in order to mod€lL10) orientations, one has to at

(b) In the same diagrafiplotted in Fig. @) in oppositeK  least include also the next terivig. By continuous variation
direction] we keep theB value ofvy (OH™) constant for all ~ of the potentialV =K (V4 cos¢+Vgsin ¢) through all mixing
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angles¢, a wide variation of potential shapes and relatedcation in the NaCl lattice; while the bending mode of the not
eigenstates is encountered. For a fix@80) orientation, the so rigid Na-O bond matches closely the librational frequency
V, contribution is surely dominant, but as we move progres-of the impurity.
sively towards a free rotation, there is an increasing probabil- On the other hand, for our weak potentials we expect a
ity of other orientations, e.g., tHe. 10) orientations linked to  significant probability to find the OH, and even more so,
the Vg potential that represents interaction with the next-the OD  oriented in other directions thgi00). So, an ideal
nearest neighbors. While lowerirl§ of course reduces all model should also give information about the existence and
the barriers for reorientation, admixture of smd}j contri-  energy of potential wells iK110) or (111) orientations, their
butions has the effect of lowering the barriers in specificdistance from the center of the vacancy, and their possible
directions. For a positiv&/s admixture, the barriers in the role in the reorientation process. It is even conceivable that
(110 direction are reduced, while those in t{iel1) direc- the orientation of the molecule may not always follow the
tions increase. For a negativg admixture, the 110y barri-  off-center shift during the weakly hindered reorientation pro-
ers are increased, but new minima develop in{hel) di-  cess, as was assumed in all models.
rections. Better fittings of our results might be achieved by a We must conclude that there remains considerable work
properly choseV,/Vg mixture, compared to the simpl¢, to be done for the development of a viable microscopic
model(b) that allows only a variation of the parametér model of the OH and OD in NaCl. So far, models have

A weakness of the application of the Devonshire model idoeen constructed that, by a suitable choice of parameters, can
that it does not actually use the size of the off-center shift adit the levels quite well for each isotope and each vibrational
a parameter. The translational tunneling model proposed bgtate. What is now required is a model that can explain, with
Suto and Ikezawfd employs a LCAO-MO calculation, using Valid and convincing physical arguments, the main result of
the off-center shift and the shape of double parabolic potenthis paper: The systematic decrease of the strength of the
tial wells as parameters. As we have seen in Sec. Ill A, thigrientational potential for the sequence ,(OH")
model explains the ,(OH") levels well. It also offers quite — v1(OH™) — vo(OD™) — v,(OD™), producing a change
a good prediction of the;(OH™) levels, if a smaller off- from weakly hindered to quasi-free rotation along the se-
center shift is assumed. On the other hand, from the levejuénce.
diagram presented in Ref. 20, it is evident that different po-
tential parameters have to be used to fit the OlBvels.
Because this model is essentially a phenomenological one, V. OH™ AND OD™ LIBRATION AND PHONON
offering no physical interpretation of its potential param- COUPLING

eters, we cannot evaluate how these parameters should Beyond the study of the low-energy motional states, our

change under the H- D substitution. The model also ig- Raman and FTIR measurements yield informations about the

nores the orientation of the molecular aXiS, which still mayhigh_energy |ibration and the phonon Coup”ng Of our mo-

be an important parameter. lecular defects. Similarly, as in the case of motional states,
The ideal, but alas unavailable, theoretical model wouldhese features can be studied with Raman as “fundamental

calculate the potential strength for all angular and radial cotransitions” in thev, state, or by Raman and FTIR as com-

ordinates on the basis of the best microscopic model for inbination transitions of SM in the, state of OH and OD .

terionic polarization and repulsion effects. A recent approach

with a shell modéf has achieved quite good agreement with

experiment for positive and negative point ion defects on A. Fundamental transitions

(111 or (110 off-center positions. The large effects of  The Jibrational mode of the OH has been previously
small changes in parameters like interionic distaf@@eri-  gpserved by IR absorption at 395ch together with a
mentally verifiable by compression experimentiustrate strong phonon sideband at-a100 cni * higher energy®2°
the difficulty of these calculations. Evidently, an off-center Unjaxial stress alignment of OHhas confirmed by elasto-
molecular defect such as Otbr OD™ would be even more optical studieg/ that this IR librational transition was polar-
difficult to calculate because it has an additional angular paized as expected perpendicular to the molecular axis and SM
rameter, the orientation of the molecular axis relative to theransition of the(100) oriented cigar-shaped OHelastic-
off-center shift. dipole tensors. The libration of ODcannot be detected or
Disregarding this, one might take the similarly sized F studied this way, as its frequency is totally covered by the
ion as a first rough approximation of the OHFor F in strong intrinsic phonon absorption of the NaCl host.
several hosts, ag110 off-center shift has been predicted  Our attempts to observe the OHor OD™ librational
and experimentally confirmed. The OHnstead shifts in the mode in the expected,, symmetry by Raman scattering
(100 direction. This may be caused by its electronic-dipolewere unsuccessful. For this case, the two librational frequen-
moment and the bonding of the molecule with the nearesteies are overlapped by the second-order two-phonon Raman
neighbor N& cation, forming the resemblance of a linear spectrum of the host. In spite of this, however, both OH
NaOH molecul€’* The Na-O bond length of the free NaOH and OD  librations could be well detected on top of this
molecule agrees very well with the determined off-centerbackground as strong extra bands in &% this is in con-
shift of the oxygen atom towards the nearest-neighbor Na trast to ourT,, Raman measurement in NaCl at 10 K, in
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FIG. 10. Second orde100,0101/2T,, Raman spectra mea-

sured at 10 K in three NaCl crystals: One pure, one doped with 160 FIG. 11. (a) SM sideband spectra of OHand OD in NaCl at
ppm OH, and one doped with 200 ppm ODThe plotted strength 4.5 K, plotted in frequency relative to the SM. While phonon side-
of each of the three spectra was obtained by normalization of itdands(shown in comparison to the NaCl phonon density from Ref.
corresponding 100,100 spectrum(shown in the insgtwhich inall ~ 25) are the same for OHand OD’, the specially marked libra-
three cases has identical spectral shape. tional sideband shows strong isotope shifl. Sideband spectra of

(SM + Libr.) for OH™ and OD', showing their own phonon side-

) bands, compared again to the phonon density. Details about the
which, for OH™ and OD" concentrations up to 1000 ppm, jndicated symbol§ and.L, SM and librational absorptions of pairs,
no spectral librational mode could be identified. and 2nd harmonics of librational bands are discussed in the text.

Instead, we observed a behavior, illustrated in Fig. 10,
that is totally unexpected and difficult to explain because if OD™], they could be attributed to the phonon coupling of
does not seem to be related in a predictable way to impuritpairs or clusters. For a possible alternative interpretation, see
concentration: For all pure or OHOD™ doped samples, the Sec. VI.
Ai4+ E4 second-order phonon scattering spectra are identi-
cal in spectral shape and within experimental accuracy of B. Combination transitions

similar intensity, as e.xpectgd. In contrast to this, t.he spectral giqepand spectra of the SM mode, which show transitions
shape and relative intensity of the correspondingTdf2 iy olving excitation of the SM plus at least one other mode,
spectra vary quite strongly in the range of 250 t0 400€m  contain more information. Despite the nonobservable, ultra-
without any modes attributed to OHor OD™: It appears \yeak SM absorption strength of the isolated OBefect, its
that it is merely theT,4 second order phonon scattering that sidebands are still present with an intensity comparable to
is strongly sample-dependent in this frequency range. Whethat found for OH . Therefore, some of the IR SM proper-
using the identical 4+ E4 spectra for intensity calibration ties of OD™ can be studied “indirectly” by measuring it in
(see inset of Fig. 10 differences of up to a factor five in combination with other modes.
intensity are found, with the least intense spectrum originat- Figure 11 gives an overview of the sideband spectra, both
ing from a sample doped with a 200 ppm of O&nd the for IR absorption and Raman scattering. For clarity, we re-
strongest spectrum from one doped with 160 ppm of OH moved from this plot the complicated and out-of-scale struc-
An increase of the OH and OD concentration in the ture in the SM spectral region of OH(as shown in Figs. 2,
sample appears to reduce the magnitude of the above vari&; and 6, and retained for OD only theE, band associated
tions, which makes it hard to assume a direct link to thewith a low-energy transition of isolated OD(see Fig. 4.
OH™ or OD™ impurities. The impurity concentrations of the samples in Fig. 11 are
Apart from the low-lying motional states discussed in 1000 ppm for OH and 700 ppm for OD, but for conve-
Secs. lll and 1V, we observ@fter subtraction of the intrinsic nience, their IR spectra have been plotted in different vertical
second-order Raman backgrodindery weak one-phonon scales. All sidebands, except the ones marked “pair,” in-
spectra induced by the OHand OD impurities: for A; crease essentially linearly with concentrations of OHr
+E4 symmetry, a broad spectrum in the 50 to 250cm OD™, assuring that they originate from isolated defects. The
range in rough similarity to the phonon-density spectrum; forlR absorption spectra show more bands than the Raman
T,g symmetry, mostly a pronounced single peak neaispectra, so we will begin with their discussion.
190 cm ! (of width 14 cmi ! at 10 K). Both these spectra are Phonon sidebandwith three broad components are ob-
isotope independent, indicating that they are due to the cowserved in the range of 50—300 chfrom the SM band, and
pling of both isotopes to rather normal or localized phononsare very similar for OH and OD impurities. The three
As they scale more than quadratically wiffoH™ ] and components in IR absorption correspond closely to the TA,
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TO, and LO phonons of the theoretical phonon density. Any TABLE Il. The upper part of the table gives the integrated IR

possible existing local modes induced by hydroxide impuri_abgorption ir;tensities of OHand OD in NaCl hosts at 4.5 K, in

ties are not well separated from the host phonons. units of cni < per 1000 ppm. The symbols of // and stand for
Librational sidebandswith narrow Lorentzian shapes, in polarization of transition relative to that of the SM. The lower part

the spectral region above the phonon sidebands, are observaides the corresponding integrated Raman intensities at 10 K, in
at+393cni L for OH™ and for the first time. a# 303 cni L arbitrary units. To compare Raman spectra from different measure-

for OD~. The librational frequency reduces under OH ments and samples, the spectra were normalized to the peak inten-
. 0D éubstitution by a factor 1.30, slightly smaller than sity of the parallel polarized second-order phonon scattering of the
the theoretical prediction 1.374 for the rotation of free OH host.

and OD molecular ions. This indicates that the center of

A ) . . X Infrared absorption OH™ OD™ OH/OD™
librational motion lies rather close to the c.m., and will con-
tain only a weak dressing effect on this angular motion.  SM all (//) 40 <03 >120
For OH  with a much stronger librational sideband, a SM E, (/) 1.2 0.2 6
weak second harmonic librationis also observable at SM + Phonon(//) 16 6.5 25
+773cm L. Since the frequency is close to twice the first SM + Libration (L) 10 0.7 14
harmonic, the librational potential wells are expected to besm + Libration + Phonon(//) 10 1.2 8
very close to simple harmonic functions, at least up tosm + 2 Libration (//) 0.7
800 cni . From this observation, the potential barrier heightraman Scattering OH- OD~ OH /OD-
for rotation around the c.m. can be estimated to be very higly (Arg+Eg) 58 31 1.9
(>1000cn ). For the high-doped OHsamples, a sharper gy (1/2T5,) 59 66 0.9
first- and second-order librational band of pairs are also deg), Librgation (12 5,) 0.37 0.39 0.9
tectable(marked black in Fig. 111 SM + Libration + Phonon A;4+Ey) 0.53

Additional combination bands are observed above the li-
brational sidebands. Though their frequency shifts from the
SM are different for OH and OD [Fig. 11(a)], they be- . . . . . .
come essentially the same when plotted as shifts from thg_lectrlc) as required in mfrared_techmques. The librational
librational sidebandgFig. 11b)]. We therefore interpret Sideband appears, as expg&%ah the 1/2I54 spectra. Its
them as gphonon sideband spectrum of the SMiibration ~ Phonon sideband appears in the parallel polaridggh E
transition This shows, by comparison to the phonon density SPECtra.

strong coupling to acoustic phonons around 80&rmit is The strengthsof the SM and all its combination bands
similar to the~ 100 cmi ! higher phonon sideband, observed Measured with IR absorption or Raman for Oland OD",
at the fundamental librational absorptigh. and their ratio under isotope variation, are summarized in

The symmetriesf the sidebands are studied in compari- Table Il Itis important to realize that a “puretio — v, SM
son to the SM absorption dichroism undgo0) uniaxial transition is allowed only for Raman ml,g\symmetry,.yvhlle
stress, produced by paraelastic alignment of the moleculd®!! T2g @nd E Raman and the IR-absorption transitions re-
defects. First, the OH defects are confirmed to have cigar- 9uiré a comblnatlon_ of SM with allowed transitions between
shaped elastic-dipole tensors @00y orientation by these the low-energy motional states of andv;. In our Raman
experiments. Compared to this SM dichroism direction, theXPeriments, we observe the SM without or with motional
symmetries of the sidebands are shown in Fig. 11, markeHansitions at about equal strengths for the Okhd OD in
with // (parallel to SM or L (perpendicular to SM Only the Na_C_:I. This shows(as expect_e)dthat the electronic polariz-
stress dichroism of the first harmonic librational sideband i@bility tensor and its derivative to the relevant normal coor-
perpendicular to that of the SM, while the second harmonidinates is basically independent of OH- OD™ isotope
of the libration is parallel to the SM, both as expected. Allvaration. _ o
the observed SM phonon-sideband transitions are mostly po- This rather simple Raman behavior is in strong contrast to
larized // to the SM. that of the IR absorption, for which an extremely high ratio

For the same samples, a number of transitions can also B8f >120) is observed for the strength of tk8M + mo-
seen in Raman scattering, as illustrated in Fig. 11 with Rational) transitions of OH and OD". This could, in principle,
man spectra recorded witti00) and(010) polarization, un- b€ interpreted by a very small derivative of the OBlectric-
der(100) laser excitation. The librational sideband is clearly dipole moment dp/dr), = at its equilibrium distance,, in
observed for both OH and OD", and in the first case, the contrast to a larger one for OH However, a second signifi-
libration of pairs is also observed. All phonon sidebands areant result must also be considered: far IR direct absorption
very weak and barely detectable with the exception of thdransitions between motional energy levels in thestate are
SM + libration + phonon sideband for OD which is  well observable for OH but not detectable foOD".** Even
clearly observed. This band does not have the complicateid “the reason for the absence of any OOnduced far IR
shape of the other phonon sidebands, suggesting that ongbsorption is not understood(as quoted from Ref. 14 it
selected phonons couple, in a strong way, to this particulacould be the same one responsible for the absence of near
librational mode. The symmetries of the sidebands can b&R-OD~ (SM + motiona) absorption. Though unable to of-
determined by the polarization of the Raman-scattered lightier new physical explanations, we follow this scheme and
without any application of external fieldglastic stress or choose not SM itself but its “combination partner” motional
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transitions, as the culprit for its nondetectable strength. Weorption transitiongthe direct motional and the SM mo-
check the approximate validity of this choice by the relativetional oneg is not yet understood.
isotopic strength of two other SM combination spectra.
The first one is the librational motion of amplitud®)
around the molecular c.nfwith normal isotopic frequency
shift). In a simple harmonic torsional model, the strength of
a SM-librational combination band is expected to be e have performed low-temperature FTIR and polarized
(dp/dr)7 ()% Our observed OH/OD™ strength ratio of ~Raman studies of the motionéind librational transitions of
~14 is not easy to divide into the two terms of this product. '*0OH~, *¥OH~, ®0D, and *®0D™ in NaCl. We observed
Assuming for(6)? a ratio of 2, leaves fordp/dr)fo, aratio  both direct motional transitions)f — v,) and transitions in
of ~7, within a factor of two close to the value determined combination with the stretch mode excitationy(— v).
for OH™/OD™ in KBr. This indicates validity of our above- The %0 — 80 isotope substitution has no detectable effect
discussed selected scheme, which does not allow any largm the motional states, but -H D substitution andv
isotopic variation of dp/dr)fo. — v, excitation produce important changes.

Even more significant are the observed SM phonon com- From these spectral results,_we can construct an energy-
bination bands that show two important features: level diagram for each of the isotopes and for both vibra-

(a) Their OH /OD™ strength ratio of~2.5 is the same as tional states. We analyzed these by fitting them to a simple
observed in other hosts like KBr and RbClI. V, Devonshire model, which describes the motion of off-
(b) The strengths per 1000 ppm molecules are about twéenter molecular defects. The best results were achieved by
orders of magnitude higher in NaCl, compared to KBr andassuming that the rotational constéat moment of inertia
RbCI hosts. is constant, while there is a strong systematic decrease of the
In an anharmonic lattice vibrational model, the strength ofpotential §/, or mixedV,/Vg) along the sequence of sys-
the SM phonon combination band is expected to depend ot#msvo(OH™) — v1(OH™) — vo(OD™) — v1(OD™). This
(d p/dr)fo, the spectral density of the coupled phonons, andlescribes a change from weakly hindered to quasi-free rota-

the anharmonic coupling strength between molecular defecton:

Phenomenological models can describe each individual
I honoriS. A h ly the . . . . .
?i\rrg gﬁgpciilg &nztrongr:;ogﬁa;gejg gfﬁ@%ﬁia oonét © isotope and SM state fairly well, with a suitable choice of the

isotopic substitution. The resul®) however is quite “nor- parameters. Much more importafiand still unavailable

mal,” because the SM absorption strength is approximateI%/ou:]CI be a:jr?odelldbgsed OS tthe rlmclrotsc%plc ]L?tera;:tlons.
2-5 times weaker for OD than for OH in the above- uch a model could be used to caicuiate the ofi-center po-

mentioned host systems. This is within the anharmonic cout—entlal and phy3|c_ally explain the observed strong variation
under OH — OD™ andvy— v4 changes.

ling model the convincing evidence for no large variation of 0
Ping 9 g Another open question is the nondetectable, small mo-

2 i i -
(dp/dr)ro under isotope exchange in NaCl. The other pa tional absorption of the OD. Both direct transitions and

rameters (the spectral density and anharmonic couplingiransitions in combination with the SM are invisible, in con-
strength of the coupled phondnsowever, can depend very (5t with the well-detectable absorptions of the phonon and
much on the host lattice. The restth) can be attributed to @ {he |ibrational SM sidebands, and the clearly visible transi-
strong anharmonic coupling of OHand OD" in NaCl 1o +jons of the OH. Therefore, we assume that this effect is
phonons that are essentially polarized // to the molecular axig,e to some unknown property of the motional states, and
or SM (see Fig. 11 Their spectral shape does not follow that ot 19 an extremely smalldp/dr)? of the SM vibration.
of the theoretical phonon-density curve, indicating that theYrnis could be experimentally verified by studying the SM
represent selected, rrIore localized modes. Pgrticulgrly th&bsorption of the OD in an environment without symmetry.
could be due to modes in which & The symmetry could be removed by interactions with other

VI. SUMMARY AND FUTURE STUDIES

first peak at~100cm
stretching motion of the Na-O distance participates anQyefects, electromagnetic fields, or elastic stress; in absence of
should couple very strongly to the Otand OD" stretching  equivalent sites and orientations, we expect a single-line
mode. o o _ classical SM transition. In this paper, we have tentatively
For the SM-librational combination band, a phonon side-gentified theB band in the middle of the multiline SM ab-
band at about the same frequency-e80 cm ! is observed sorption spectrum of OH as an example of this. For OD
again in // polarization. It could b(somevyhat modified in  this line has not yet been identified, but we obsdisee Fig.
frequency the same type of mode@s discussed aboNe  4(z)] many lines of this type, from which one could well be
which couple not only to the SM, but also to the libration of the weak classical SM transition of an isolated fixed OD
the molecule. At least for OD, this phonon sideband is even defect(and not from pairs or clusters
stronger than the SM_—IibrationaI combination ba_nd. An FTIR and Raman study of this system at higher tem-
In summary: Despite the undetectable $hotional ab-  peratures could also be informative. Because the potential is
sorptlonzst.rength of OD in NaCl, we can conclude that I'.[S so weak, the high-temperature spectra look very much like
(dp/dr); is rather “normal” and comparable to that in those of a free rotor. It is yet unknown whether the system
other hosts like RbCl and KBr. We achieved this result bypreserves its off-centerness and rotational constant up to and
comparing the relative strength of various combinationabove room temperature, and whether the motional states
bands. However, the mysterious weakness of two Gb-  change.
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