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Infrared absorption and Raman scattering of OHÀ and ODÀ stretching-mode vibrations
in alkali fluorides: Isolated defects

E. Gustin, A. Bouwen, and D. Schoemaker
Department of Physics, University of Antwerp (UIA), Universiteitsplein 1, B-2610 Antwerpen, Belgium

C. P. An and F. Luty
Department of Physics, University of Utah, Salt Lake City, Utah 84112

~Received 28 June 1999!

The stretching-mode~SM! of OH2 and OD2 defects in LiF, NaF, and KF hosts has been studied with
Raman scattering and Fourier transform infrared~FTIR! absorption spectroscopy, at temperatures from 4 K to
500 K. In all three hosts thê111& orientation of the OH2 molecular axis is confirmed both by polarized
Raman spectra and by stress-induced FTIR dichroism. The latter technique also yields the values of the
disc-shaped elastic dipole tensor, aligning the OH2 parallel to an applied̂111& uniaxial stress with a Curie
law. Accurate band-shape analysis of low-temperature FTIR absorption andT2g Raman spectra yields for low
concentrations of OH2 in LiF and KF consistent values of their nearest-neighbor reorientational tunneling
parameters (D51.2 and 0.6 cm21, respectively!. For OH2 in NaF and for OD2 in all three hosts spectral
substructure from tunneling is undetectable in the narrow Lorentzian-shaped SM lines. The strong temperature
broadening that occurs for the SM absorption andT2g Raman bands and the smaller broadening of theA1g line
can be fitted with models for the dephasing of the transition by phonons, considering the presence of isotropic
and anisotropic dephasing components. In spite of the very different amplitudes of the OH2 and OD2 SM
vibrations, their relative infrared absorption and Raman intensities are found to be very similar; the only
exception is an extremely weak oscillator strength of the OD2 absorption in KF.
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I. INTRODUCTION

The extensive studies of OH2 defects in alkali halides
during the past 35 years have mostly focused on alk
chloride, -bromide, and -iodide crystals.1 In all these hosts,
substitution of a small OH2 molecular ion on larger Cl2,
Br2, or I2 lattice sites leads to sizable off-center shifts, lar
~molecular 1 displacement! electric dipoles, and ‘‘cigar-
shaped’’ elastic dipole tensors of either^100& or ^110& sym-
metry. Orientational tunneling of these systems involv
complicated angular and translational motion of the m
ecule. The theoretical description includes a renormaliza
of its tunneling parameterD to a much smaller value, takin
care of the reorientation of the stronggeradeandungerade
distortions of the surrounding lattice.2 This sizable ‘‘dressing
effect’’ obscures~or may even invert! the large difference
D(OH2).D(OD2) expected for the tunneling of the ‘‘bar
molecule.’’

In distinct contrast to these systems, the ‘‘egg-shape
OH2 molecule fits very tightly into the F2 lattice site of
alkali-fluorides. Regarding an OH2 ion simplified as an ‘‘F2

ion with one of its protons pulled out by;1 Å,’’ illustrates
its being a bit longer and slimmer, compared to an F2 ion.
Due to this misfit it has been often suspected that reorie
tional tunneling of OH2 may not be possible in alkali fluo
rides. This appeared to be supported experimentally by n
tive results of attempted paraelectric resonance3 and electro-
dichroism experiments4 in various alkali fluorides. Two
encouraging positive results on LiF:OH2 with low-
temperature heat conductivity5 and dielectric experiments,6
PRB 610163-1829/2000/61~6!/3989~11!/$15.00
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indicating the presence of defects with sizable 1;2 cm21

tunneling splitting, remained ‘‘singularities;’’ they were no
tested with other techniques, or extended by studies of
defect symmetry, OH2→OD2 isotope or alkali fluoride hos
material variation.

This uncertainty about tunneling and reorientation
OH2 molecules in alkali fluorides changed drastically tw
years ago with a paper by two of the present authors~CPA
and FL!.7 Stress dichroism of the stretching-mode~SM! ab-
sorption of OH2 and OD2 molecules in LiF and NaF
showed clearly that these defects can be aligned parae
cally at lowest temperatures with uniaxial stressS111 and
characterized by ‘‘disk-shaped elastic tensors.’’ Moreov
the SM absorption of OH2 in LiF showed clearly a double
band structure, caused predominantly by 70° tunneling of
^111& oriented molecules, and yielding a tunneling splittin
parameter ofD51.2 cm21 for both the ground and excite
states of the SM transition.7 The unresolved estimated tun
neling splitting of OD2 in both LiF and NaF hosts was foun
to be considerably smaller than that of OH2.

We extend this initial work of Ref. 7 in two importan
directions: adding a new host material KF and an import
experimental technique, nonresonant Raman scattering
the Fourier transform infrared~FTIR! absorption study of the
OH2 and OD2 stretching modes. First these two FTIR an
Raman approaches probe different physical properties of
system: SM modulation of the electric dipole vectors vs S
modulation of the electronic polarizability tensors of the m
lecular defects. This often leads to results that can be u
for complementary interpretations. Polarized Raman sca
ing of properly chosen symmetries of the incident and sc
3989 ©2000 The American Physical Society
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3990 PRB 61GUSTIN, BOUWEN, SCHOEMAKER, AN, AND LUTY
tered light, can for a totally unaligned molecular defect s
tem determine the orientation (^100&, ^111&, or ^110&) of the
molecules. We use this ‘‘behavior type~BT! method’’ for
our studied crystal-defect system8 ~see Sec. III A! and com-
pare the results to the ones obtained by the infrared~IR!
absorption dichroism for uniaxial stress-aligned molecu
defects~see Sec. III B!. For systems with sizable tunnelin
splitting, the expected spectral substructure of IR or Ram
SM transitions is quite different due to different selecti
rules between the gerade and ungerade tunneling states
present results obtained in LiF:OH2 and KF:OH2 and dis-
cuss attempts to get them in agreement to each other an
the underlying tunneling model in Sec. III C. This latter a
tempt is particularly challenging for the newly studie
KF:OH2 system, which—in spite of its determined^111&
symmetry—is found to be not in agreement with a sim
model of predominant nearest-neighbor 70° tunneling. Ad
tion of Raman has added to the single SM half-width of
absorption two new ones, observed half-width~HW! values
for parallel (A1g) or perpendicular (T2g) light scattering.
Their observed broadening under temperature increase~up to
500 K! is presented, and tried to be interpreted by assum
dephasing mechanisms in Sec. III D. Similarly, we treat
Sec. III E strong temperature dependence of SM line p
tions, observed by IR absorption,A1g andT2g Raman mea-
surements. Finally, in Sec. III F results of the SM IR abso
tion and Raman strength of OH2 and OD2 in the three hosts
are presented and discussed.

II. EXPERIMENTAL DETAILS

The crystals were grown with the Kyropolous techniq
at the University of Utah from a melt of ultrapure powder
host material, doped with a proper alkali-hydroxide. Ac
titration of measured samples was used to determine
OH2 and OD2 concentrations. We then used these to de
mine the absorption strength per unit of concentration,
listed in Table II. By varying the defect concentration a
comparing the absorption spectra, we were able to se
concentrations at which the interactions between defects
negligible. At higher temperatures (T>150 K) high
OH2/OD2 concentrations could be used because the ther
broadening of linewidths is larger than the inhomogene
one due to the defect interaction and background strain.
obtained the same band shapes in the temperature regio
high and low concentrations.

The infrared absorption spectra were measured wit
Bruker IFS88 FTIR spectrometer with a resolution of abo
0.1 cm21. The samples were placed in a helium cryostat, t
allowed temperature variations between 4 K and 350 K.

The Raman scattering experiments were performed wi
Dilor XY-800 Raman Spectrometer, equipped with a Wrig
Instruments nitrogen-cooled 12003300-pixel CCD detector.
Measurements at temperatures between 4 K and 150 K were
done in a helium-flow cryostat, and measurements betw
130 K and 500 K in a cryostat cooled by nitrogen gas. F
most measurements the 514.53 nm line of a Spectra Phy
2020 Ar1-laser was used as excitation source. This yield
spectral resolution of 1.7–1.5 cm21 in the low-dispersion
mode of the spectrometer, and of 0.3 cm21 in the high-
resolution mode. All Raman scattering experiments w
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performed in a 90° scattering geometry. Samples clea
along ~100! surfaces were used to record^100,100& ~or A1g

1Eg) and ^100,010& ( 1
2 T2g) spectra. Samples polished t

have two ~110! surfaces gave uŝ 110,11̄0&( 3
4 Eg) and

^110,110&(Ag1 1
4 Eg1 1

2 T2g) spectra.
Note that for the symmetry notationsEg andT2g we are

using the convention of Ref. 8, which differs from the o
used by Ref. 9 by factors 4/3 and 2, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Polarized Raman scattering: Defect symmetry

We have verified the molecular orientation of OH2 and
OD2 in alkali-fluoride hosts, determined in a previous wo
by measurements of the elastic dichroism of SM absorptio7

with polarized Raman scattering experiments. In spite of
equal distribution of the microscopic polarizability tensors
the defects over the possible orientations, the resulting m
roscopic polarized Raman response will be different
^100&, ^111&, or ^110& orientations of the individual mol-
ecules. It is often complicated to extract symmetry inform
tion from a set of Raman spectra. A quantitative approa
called the behavior type method10 has been applied to di
atomic molecules by Fleurentet al.8

The three symmetry components of the Raman spectr
6.2 K for OH2 in three hosts are displayed in Fig. 1. Th

^110,11̄0& spectrum is very weak, only a few percent of th
^100,100& intensity. This weak signal may be due to th
imperfection of the polarizer, the focusing of the laser bea
and small errors in orientation. Therefore we can say that
Eg spectrum is zero within the experimental limits. The a
sence of anEg spectrum and the presence of a sizableT2g
spectrum are compatible with an̂111& orientation of the
defects, but not with â100& or ^110& orientation.8

In case the thermal reorientation becomes sufficien
rapid at high temperatures, the system may approach the
rotor behavior, resulting in a reduction of theT2g intensity
and the appearance of anEg spectrum. For the case o
NaCl:OH2 this has indeed been observed.9 We found noEg
spectrum in NaF at room temperature, yet in all three h
materials the ratio of theT2g /A1g intensities decreases whe
the temperature is increased above 120 K. This may indic
some increase in angular motion. However, the impurity

FIG. 1. Relative intensities of theA1g , Eg , and T2g Raman
scattering of the OH2 stretching mode in LiF~a!, NaF ~b!, and KF
~c!, obtained from polarized Raman measurements at 6.2 K.
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not expected to come close to the behavior of a free ro
because the barriers for reorientation of the OH2 are quite
high.

The Raman spectra of NaF:OD2 and KF:OD2 also indi-
cate, by theirT2g /Eg behavior, an̂ 111& orientation of the
defect. TheEg spectrum of LiF:OD2 was not recorded.

B. Stress alignment: Elastic dipole tensor

The molecular defects introduce sizable anisotropic e
tic lattice deformations, which can be represented by
‘‘elastic dipole tensors.’’11 The integrated SM absorptio
changesI (S)/I (0) induced by a stressSof a particular sym-
metry correspond directly to the paraelastic alignment un
stress of the defects.12 For OH2 and OD2 LiF and NaF,
elastic dichroism measurements indicating a^111& oriented
disk-shape elastic dipole moment were already reported
previous work.7 To make the comparison complete for a
three hosts, we now present the elastic dichroism of the
SM absorption in KF. Figure 2 summarizes this stress-opt
dichroism for OH2 in KF as a function ofS at 4.2 K, for
stress applied in̂100& and ^111& directions.

The observed absence of any dichroism forS100 and its
obtained size and sign forS111 show that OH2 molecular
ions in KF also form^111& oriented disk-shaped elastic d
pole tensors. The measuredI (S)/I (0) can be fitted very well
with the calculated relations, Eqs.~1! and~2! in Ref. 7, yield-
ing the negative elastic dipole factora111 to be 26.7
310224 cm3.

As far as could be observed the integrated stress dic
ism of the OD2 in KF behaves similarly. The OD2 SM
absorption is very weak and narrower than the resolution
the instrument, and an accurate analysis was not possib

FIG. 2. Integrated OH2 absorption ratioI (S)/I (0) in KF host
under variation ofS, measured parallel and perpendicular polariz
to the applied stressS. The curves are calculated and fitted for t
^111& elastic-dipole model as described in text.
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C. Spectral substructure: Reorientational tunneling
and half-width

1. Reorientational tunneling

The reorientational tunneling between eight equival
^111& potential wells has been studied for the LiF:OH2 sys-
tem by measuring and analyzing the IR SM absorption sp
tra in Ref. 7. The presence of reorientational tunnelin
through possible 70°, 110°, and 180° reorientation ang
splits the eightfold degenerate localized states into tunne
states withA1g , T1u , T2g , andA2u symmetries.13 The T1u
and T2g levels are threefold degenerate. If 70° tunneling
dominant, the level splittings are equidistant. In the simpl
case, the level spacing can be assumed to be identical in
ground and excited state of the SM vibration.

In absorption only the g↔u transitions ~except
A1g↔A2u) are allowed, and the tunneling substructure
SM transition fromv50 to 1 results in the appearance
two components at frequenciesvSM1D and vSM2D. In
Raman scattering onlyg↔g and u↔u transitions are al-
lowed, with additional restrictions imposed by the symme
of the system and the polarization. In theT2g Raman spectra
three components appear, at frequenciesvSM22D, vSM ,
and vSM12D. In the A1g spectrum there is only a line a
vSM .14,15

Considering the selection rules for IR absorption tran
tions, the SM absorption of the LiF:OH2 system at 4.2 K can
be decomposed into Stokes and anti-Stokes shifted Lore
ians of the same half-width,16 as shown on Fig. 3~a!. The
vertical bars, indicating the expected amplitude of the co
ponents on the basis of a Boltzmann distribution, ag
closely with the observed intensities. In Ref. 7 their splitti
has been studied under temperature and stress variat
yielding the energy-splitting parameterD51.2 cm21 with
predominant 70° tunneling. It was also shown there that
splitting between the tunneling levels is identical in t
ground (v50) and excited (v51) states.

In Fig. 3~b! the decomposition into three Lorentzia
bands is shown for the observed slightly asymmetricT2g
Raman spectrum of the OH2 in LiF at 6.2 K. The separation
and relative strength of the three bands yield the same
neling splitting parameterD51.2 cm21 and imply that the
levels are equidistant. This observation verifies again that
70° tunneling is predominant compared to the 110° and 1
ones. The half-width 3.7 cm21 of each Lorentzian band is
the same as was obtained from the IR SM absorption~see
Table I of Ref. 7!. It is close to the observed HW of theA1g
Raman spectrum, which should not contain any unresol
tunneling splitting.

A spectral substructure due to tunneling is also detecte
the KF:OH2 system, but here an additional central peak
present, that is not predicted by the 70° tunneling mod
There are two possible approaches to an explanation of
peak. In Fig. 4~a! we have chosen to decompose the IR sp
trum of KF:OH2 at 4.2 K into two Lorentzians and on
Gaussian, in such way that the Lorentzian components c
form closely to a 70° tunneling model with the equal tunn
ing splitting of v50 and 1 SM states, whereas the Gauss
is treated as an additional absorption of other origin. W
used a similar decomposition for theT2g Raman spectrum in
Fig. 4~b!, where a central Lorentzian is of course expect
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but a central Gaussian contribution still had to be added
explain the difference between the observed and expe
intensity of the central peak. The current fits, as shown
Fig. 4, correspond reasonably to a 70°^111& reorientational
tunneling structure, with an energy-splitting parameterD
50.6 cm21. In this approach the nature of the central ba
can in principle be attributed to a part of the defects
which the tunneling-split vibrational transition has be
changed by internal stress or field into a classical 0→1 tran-
sition. As this could be produced by elastic and electric
pole interactions of the defects, we attempted to remove
central band by reducing the OH2 concentration down to 10
ppm, but did not succeed. Background strain from other
gins may be an alternative explanation, but it is hard to j
tify its magnitude. It is interesting to note that our observ
behavior of the OH2 vibrational transition when changin
from LiF to KF hosts is amazingly similar to that of th
^111& oriented CN2 ions under change from KCl to K
hosts.17 In both cases the reduction of the tunneling splitti
from 1.2 to 0.6 cm21 is accompanied by the appearance o
strong central band. In spite of detailed discussion in Ref.
its physical origin remained rather unexplained.

An alternative approach would be to try to decompo
both the observed IR absorption andT2g Raman spectra into
only three Lorentzian bands without any Gaussians. The s

FIG. 3. Infrared~a! and Raman~b! low-temperature SM spectr
of OH2 in LiF, and their decompositions into Lorentzian-shap
transitions with the positions and relative strength expected fo
^111& oriented system with tunneling splittingD ~see diagrams in
inset!.
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plest tunneling model as in LiF:OH2 system is expanded b
including sizable amounts of 110° and 180° tunneling pro
abilities and a difference of the tunneling energy splittin
for v50 andv51. Some combination of these effects c
produce the triple-band substructure in the KF:OH2 system.
However, there are six parameters in this approach. In
sence of additional experimental support, we cannot dec
what combination is physically correct. Therefore, we pl
to perform experiments and quantitative analyses of the
IR and Raman spectra under stress, in the hope that this
allow us to reach definite conclusions.

The reorientational tunneling of LiF:OD2 and NaF:OH2

and OD2 is not directly observed in either IR or Rama
spectra, due to single Lorentzian band shape of the l
temperature absorption. Besides upper limits ofD allowed
by the band shapes, lower limits ofD values were estimated
in Ref. 7 by the small narrowing of the SM absorption und
S111 stress alignment of the molecules, which removes
70° tunneling splitting. From the Raman spectra similar
timates can be made if an unresolved splitting makes theT2g
line wider than theA1g line. As D!kT, and the amplitudes
of the three components of theT2g will be 1:3:1,calculated
example curves show that the difference between theA1g
andT2g line width is expected to be betweenD and 2D. For
NaF:OH2 this gives a reasonable result: A value of 0.1
0.05 cm21, in good agreement with the IR band-narrowin
under stress alignment and with the first results of dielec
measurements on these materials.18 For LiF:OD2 the agree-
ment is not so good, because the observed difference in h
width of ;0.8 cm21, is much larger than the tunneling spli
ting of ; 0.2 cm21 estimated by IR results.7 Note that these
Raman linewidths are already close to the instrumental re
lution, so that they may contain significant deviations fro
the real line widths. The measured low-temperatureA1g and
T2g Raman widths of the NaF:OD2 and KF:OD2 lines are
meaningless, because the actual values as observed b
absorption are well below the experimental resolution of
Raman instrument.

2. Low-temperature linewidths

If the temperature is varied from 4 K to 30 K thewidths
of the A1g lines remain approximately constant, with
Lorentzian shape indicating homogeneous broadening. In
case of LiF:OH2, where the IR andT2g Raman spectra can
be decomposed accurately, the individual components of
tunneling structures also show nearly constant widths,
within the experimental accuracy they are identical to
width of theA1g line.

The widths of theA1g Raman line vary from;4 cm21 in
the LiF:OH2 case, to below the spectral resolution for OD2

in NaF and KF. Especially the width of the LiF:OH2 absorp-
tion is unusually large, compared to that found in oth
alkali-halide hosts. These absorption values were meas
down to very low OH2 concentrations (<10 ppm) to verify
that interactions between OH2 ions are not causing an
broadening.

The width Dv of a Lorentzian line corresponds to th
decay time of the correlation function, and both the vib
tional lifetime (2T1) and the dephasing (T2) contribute to
this. Because the width is almost constant below 30 K

a
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seems unlikely that dephasing by phonons or local mo
plays an important role in this temperature range. Phon
assisted reorientational tunneling19 can also be excluded as
dephasing mechanism, for the same reason. On the o
hand we observe that the low-temperature half-width
larger if the tunneling splitting is larger. This suggests so
relationship. If the level splitting in ground and excited sta
is not identical, this would cause some apparent line bro
ening due to hidden splitting; but as no deviation from
Lorentzian shape is visible, this effect cannot be large.

It remains to consider lifetime effects. The observed lin
widths correspond to lifetimes of about 1 ps for LiF:OH2, 4
ps for LiF:OD2, 8 ps for KF:OH2, and 9 ps for NaF:OH2.
The other cases are not resolved, but the linewidth is alw
larger for OH2 than for OD2. A lifetime of a few ps for the
SM vibration would be extremely short: In other alkali h
lides the OH2 vibration relaxes on a nanosecond time sca
This is already quite fast and has been attributed to a de
of the SM excitation into librational and rotational modes20

This model explains the tendency of the lifetime to rem
roughly constant or even increase under OH2→OD2 isotope
substitution.21 Also important in our case is that it is a near
temperature-independent mechanism, which would be
agreement with the observed temperature independenc
the half-width below 30 K. Theoretically the vibrational d

FIG. 4. Infrared~a! and Raman~b! low-temperature SM spectr
of OH2 in KF, and their decompositions into Lorentzian-shap
‘‘tunneling transitions’’ and Gaussian-shaped ‘‘classical transitio
~for details, see text!.
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cay could reach the picosecond time scale in favora
conditions.22 Favorable conditions require that th
librational/rotational mode must be high in frequency a
possibly strongly anharmonic, so that the energy of the
vibration can decay into a minimal number of quanta, a
that there is a strong coupling. The coupling may indeed
stronger in the fluorides, because the OH2 fits only just into
the space of the F2. The librational sidebands of OH2 de-
fects in the three hosts are found to be in the ran
500–880 cm21, instead of the frequency of about 300 cm21

that is common in the alkali chlorides and bromides.23,24The
phonon frequencies in the fluorides are also high, and
might assist the fast relaxation.

We tentatively assign the low-temperature width to lif
time broadening, but a direct measurement of the vibratio
lifetime would be highly desirable.

D. Temperature dependence of the half-widths:
Dephasing mechanisms

We have studied the SM vibration of OH2 in LiF, NaF,
and KF hosts under temperature variation, comparing in
red absorption and Raman scattering spectra. The three
half-widths ~full width at half-maximum! of OH2 and OD2

in LiF, NaF, and KF hosts are plotted in Figs. 5, 6, and 7
a function of temperature in the range 4–500 K. For simp
ity, we plotted the overall half-width, even for LiF:OH2 and
KF:OH2 where at low temperature the band could be d
composed into tunneling transitions, as shown in Figs. 3
4 at 4 K.

First we focus on the HW@IR# results, measured with
higher resolution in a temperature range of 4 K to 350 K.
contrast to the SM properties of OH2 and OD2 in alkali-
chlorides and -bromides, two temperature regions can be
tinguished in the behaviors of these systems in the fluorid
Between 4 K and 50 K the changes of the half widths a
rather small. The overall width of the IR spectra shows so
decrease, and for LiF:OH2 this was studied in detail. By
decomposing the spectra it was found that as the tempera
is increased the linewidths of the individual components
come slightly larger, but the tunneling splitting is gradua
reduced. The overall effect is a decrease in the total wid
From about 50 K broadening sets in, and above 100 K
HW@IR# values increase with aT;2 power law.

The Raman spectra have a lower resolution than the
spectra, so the data are incomplete at low temperature, e
cially in the case of the very narrow KF:OD2 and NaF:OD2

bands. The effect apparent for NaF:OH2 and LiF:OD2,
where theA1g Raman line appears to be wider than the a
sorption line, is caused by the better resolution of the abso
tion spectrometer. Where measurement is possible, the
Raman HW’s show very different temperature dependen
The HW@T2g# is quite similar to the HW@IR#, but slightly
larger. In contrast, the HW@A1g# remains fairly constant up
to a higher temperature and thereafter broadens slower.
HW@A1g# then also follows aT;2 power law.

At high temperature theA1g Raman bands are conside
ably narrower than theT2g and absorption bands. The diffe
ence is probably best explained by looking at the analog
case of molecules dissolved in liquids.25–27 In that case the
Raman spectrum can be separated into isotropic and an

’
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FIG. 5. Temperature dependence of the S
half-widths of OH2 and OD2 defects in LiF
measured by infrared absorption and byi and'

polarized Raman scattering. The lines repres
the theoretical formulas, as discussed in the te
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tropic parts: The isotropic Raman spectrum is related to
trace of the polarizability tensor, the anisotropic spectrum
the off-diagonal elements. Dephasing occurs through co
sions with the solvent molecules, and the band width of
isotropic Raman spectrum does not contain broadening
to reorientational processes. The anisotropic Raman s
trum and the absorption spectrum do. A review of the
tempts that have been made to calculate the actual
shapes for molecules in liquids is given in Ref. 27.

In our case we are dealing with a different situation, th
of molecule with a strongly localized orientation in a cub
crystal, and dephasing occurs through collisions w
phonons. The system should not be treated as a mole
rotating in a matrix, instead the movements of the molec
and the neighboring atoms should be considered toge
Nevertheless a similar interpretation seems suitable:
evolution of theA1g line shape corresponds to the ‘‘pure’’ o
isotropic dephasing of the stretch mode vibration, while
absorption linewidth and theT2g Raman width also contain
the influence of the oscillations of the molecule around
^111& orientation, stimulated by a local mode or by collisio
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with phonons. The Raman spectra associated with s
movements haveEg or T2g symmetry. We were unable to
observe the corresponding sidebands in Raman spectra.
have been reported in FTIR absorption spectra.23

Some information about the nature of the process can
inferred from the similarity of the absorption andT2g Raman
widths, except in the case of KF:OH2 where the difference is
fairly important. It has been calculated in Ref. 28 that fo
spherically symmetric molecule in a liquid, an equality of t
two linewidths implies that the mean angle of rotation due
collisions is 120° or larger. The two systems are of cou
quite different in that in our case only limited movemen
around the eight orientations, or full reorientations are p
sible instead of a continuum of angles. But we may perh
infer from it that the motion of the OH2 impurity is ‘‘jerky’’
rather than diffusive, with fairly large amplitudes.

We do not think that the broadening process should
described as a simple rotation or even a libration of the
purity in the lattice, because the frequencies of the libratio
modes in the alkali fluorides are too high23 to correspond to
the observed broadening and the SM vibration bands do
M

ent
xt.
FIG. 6. Temperature dependence of the S
half-widths of OH2 and OD2 defects in NaF
measured by infrared absorption and byi and'

polarized Raman scattering. The lines repres
the theoretical formulas, as discussed in the te
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FIG. 7. Temperature dependence of the S
half-widths of OH2 and OD2 defects in KF mea-
sured by infrared absorption and byi and' po-
larized Raman scattering. The lines represent
theoretical formulas, as discussed in the text.
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show any sign of a rotational substructure. However, pho
and local modes may distort the environment of the syst
lowering its symmetry, and producing a temporary deviat
of the axis of the molecule away from the^111& direction. It
is possible that they would greatly enhance the reorienta
process.

We have chosen to fit the linewidths in two stages. T
temperature-dependence of the ‘‘pure’’ or isotropic deph
ing of the A1g Raman spectrum we fitted with a model f
dephasing by weakly-coupled acoustical phonons,29 which
gives for the line broadening

HW~T!5HW~0!1vD

9WD
2

4 S T

TD
D 7E

0

TD /T

dx
x6ex

~ex21!2
,

~3.1!

and the line shift

v~T!5v01vD

3WD

4p S T

TD
D 4E

0

TD /T

dx
x3

~ex21!
. ~3.2!
n
,

n

n

e
s-

These formulas describe the effect of acoustical phonon
frequency vD , corresponding with a Debye temperatu
TD5\vD /k, weakly coupled to the transition with a cou
pling strengthWD . For temperatures high compared toTD ,
they predict that the broadening is quadratic with the te
perature and the shift linear; which corresponds fairly well
our case. Theoretically, these expressions are nearly exac
WD!TD /T. However, they remain approximately valid fo
the parameters we use, as shown in Ref. 29.

Because the Debye approximation is a very simple o
and only a part of the phonons are expected to contribut
the dephasing, we have treatedvD as an adjustable param
eter instead of as a constant for the host material. Values
vD were chosen that are reasonable for acoustic phono30

and correspond to absorption sidebands of the
vibration.23 A fit of this component can also be made assu
ing dephasing by optical phonons, but the phonon frequ
cies produced are too low to be realistic for an optical ph
non, so we reject these as physically invalid. The parame
for the fits are listed in Table I, and the comparison betwe
the theoretical curve and the data points in Figs. 5, 6, an
The sign of the coupling parameterWD cannot be deter-
TABLE I. Fitting parameters for dephasing by weakly coupled acoustic or optical phonons.

LiF NaF KF
OH2 OD2 OH2 OD2 OH2 OD2

Isotropic component
vD 320 cm21 250 cm21 150 cm21

uWDu 0.263 0.204 0.260 0.198 0.255 0.204

Anisotropic component
vo 200 cm21 120 cm21 76 cm21

uWou 0.326 0.286 0.204 0.189 0.256 0.239

Host Parameters
TD 736 K 492 K 330 K
Highest LA 400 cm21 300 cm21 200 cm21

Phonon at@111# at @111# at @111#



of

3996 PRB 61GUSTIN, BOUWEN, SCHOEMAKER, AN, AND LUTY
FIG. 8. Frequency of the OH2 and OD2

stretching modes in LiF and KF as a function
temperature.
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mined. The values ofuWDu are very similar in all three hosts
and the ratio of the coupling constant for OH2 to that for
OD2 is approximately 1.3. This stronger coupling for th
OH2 might simply be caused by the larger amplitude of
vibration.

The differencebetween the IR orT2g Raman linewidths
and theA1g Raman line widths we interpreted as an ‘‘anis
tropic’’ dephasing. For lack of a better model, we have ch
sen to treat this as dephasing by optical phonons. A theo
ical expression for dephasing by weakly coupled opti
phonons is29

HW~T!5HW~0!1vo

W2

V

3

20
n~vo!@n~vo!11#.

~3.3!

This too will produce, in the weak coupling limit and at hig
temperatures, a quadratic broadening of the band. We c
the approximation for optical phonons because of the n
rowness of the sideband, which resemble an optical pho
band more than an acoustical phonon band. For the rela
width of the band we choseV50.1.

As effective frequenciesvo we selected some that corre
spond to sidebands of the SM vibration that were shown
elastic stress experiments to be a transverse mode.23 We tried
several of the present bands, to find the best fit. In the cas
KF we were forced to use a frequency of about 75 cm21,
corresponding to a region where the sideband absorptio
weak. The parameters are again listed in Table I, and
curves corresponding to the sum of the two dephasing c
ponents are plotted on Figs. 5, 6, and 7. The coupling c
stant is largest in LiF and smallest in NaF. The ratio betwe
the coupling constantsuWou for OH2 and OD2 is about 1.1,
a smaller difference than was found foruWDu. This seems
reasonable enough if we attribute the anisotropic depha
largely to movements of the nearest-neighbor ions, coup
to the orientation of the impurity molecule. These mov
ments can be expected to have a reduced isoto
dependence. Likewise, the center-of-mass motion of the
purity should be little influenced by the isotope substitutio

A good agreement is found between the fit curves and
data points, but the importance of this should not be ex
-
t-
l

se
r-
on
ve

y

of

is
e
-

n-
n

ng
d

-
e-
-

.
e

g-

gerated. It only shows that a reasonable fit is possible wi
very simple model. Indeed this turned out to be possible w
a wide variation of parameters, so we had to make so
essentially arbitrary assumptions about the frequenciesvD
andvo .

E. Temperature dependence of the SM peak positions

The frequencies of the SM vibration peak in LiF and K
are plotted in Fig. 8. At low temperature the tunneling stru
ture for LiF:OH2 is resolved, and the absorption ban
clearly has two peaks. The positions of these two peaks
plotted at the lowest temperatures, with the position of
main Raman line between them. With increasing tempe
ture, the tunneling splitting soon vanishes. In the case
KF:OD2 there is a ‘‘classical’’ transition with a Gaussia
line shape between the two tunneling peaks, so that the b
has a single highest maximum. We indicate this on the
ure. The KF positions also appear to shift to higher frequ
cies over the first 100 K.

The SM frequencies all have in common~a! that they shift
to lower energies above 100 K,~b! that the shift over the
temperature range 4 K–350 K is relatively larg
(8 –11 cm21) compared to that in most other alkali halide
~e.g.'5 cm21 for KBr:OH2), and ~c! that theA1g Raman
line, which can be followed to high temperatures, shifts
little more than the absorption band. Above 100 K, the d
ference increases approximately linearly with temperatur

At high concentrations, above 1000 ppm, there is a s
of the A1g and T2g Raman lines relative to each other,
about 2 cm21 for NaF:OD2 and 1 cm21 for LiF:OD2. We
did not include these data in Fig. 8. This difference could
caused by interactions between the impurities, which re
in combination modes of various symmetry with slightly d
ferent frequencies. However, the half-widths of the lines
not different from those in crystals with lower concentr
tions.

Several factors will contribute to the temperature dep
dence of the peak position. The dephasing processes
influence the observed frequency of the stretch mode vib
tions, as described by Eq.~3.2!. There is only a small differ-
ence between the positions of the IR andA1g Raman lines,
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TABLE II. Absolute IR absorption intensitiesA and relative Raman intensitiesI per 1000 ppm of OH2

and OD2, measured in LiF, NaF, and KF. From the measurements ofA, values of (]p/]r )2 are obtained

directly. From the relative Raman measurements ofI, only the relative ratio of (]ā/]r )2 between OH2 and
OD2 can be obtained, using appropriate frequency and reduced mass corrections as indicated in th

LiF NaF KF

AOH2 in cm22/1000 ppm 300 60 7.4
AOD2 in cm22/1000 ppm 300 70 0.02

IR (]p/]r )OH2
2 in 1023e2 24 7.4 1.4

(]p/]r )OD2
2 in 1023e2 45 16 0.007

(]p/]r )2 ratio for OH2 to OD2 0.53 0.46 200

I OH2 in arb. units 41 78 24
Raman I OD2 in arb. units 86 116 29

(]ā/]r )2 ratio for OH2 to OD2 0.46 0.66 0.81
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although the difference in linewidth is large. One would e
pect the pure or isotropic dephasing to produce, if not
then at least most of the frequency shift. The predicted
quency shift due to isotropic dephasing is indicated on F
8. It is clearly far too small to reproduce all of the tempe
ture dependence we observe.

Thermal lattice expansion will in general reduce the f
quency of the stretch mode by moving the nearest neigh
outside, so that the molecule feels a smaller repulsive po
tial. Variations of host material confirm the natural assum
tion, that the frequency of the SM will be higher if the mo
ecule is confined in a small cavity and lower if it has mo
space. Compared with the frequency shifts, the thermal
pansion has roughly the correct shape: It is approxima
linear above 200 K.31 If the variation of frequency vs anion
diameter32 is extrapolated from one host to another,33 and
this used to estimate the effect of the thermal expansion,
the expected reduction of the frequency from 0 K to 500 K is
about 5 cm21 for OH2 and 3 cm21 for OD2. Again, this is
too small to explain the observed frequency shift. But
details of the interaction between the impurity and its nei
bors are unknown, and it is very well possible that our e
mate of the effect of thermal expansion is too low. Measu
ments of the harmonics of the OH2 and OD2 absorption
have shown that a Morse potential is a very good model
the mechanical behavior of the diatomic molecular defect
alkali halides, but that there are small deviations in the fl
rides, possibly because of a weak bonding between the
drogen atom and the neighboring ions.33

F. Intensity of IR and Raman SM transitions

Besides the half-widths and positions of the OH2 and
OD2 SM transitions, discussed in Secs. III D and III E, o
spectral IR and Raman measurements contain informa
about their strength under host and isotope variations. T
perature variation can be neglected because we find, w
experimental accuracy, no temperature dependence for
Raman and IR absorption strength.

In Table II we summarize for OH2 and OD2 in all three
hosts the measured and derived quantities, which are sig
cant for the studied SM transitions. Integrated IR absorpt
measurements, performed at any temperature in sample
-
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well-determined concentrationN, yield reliable absolute val-
ues A in normalized units of cm22/1000 ppm. TheseA/N
quantities, multiplied by essentially a constant and the
duced massm of the molecule, yield the important values o
(]p/]r )2, wherep is the molecular dipole moment with re
spect to the center of mass andr the internuclear distance.34

The second part of Table II summarizes the quantit
related to Raman strength. We measured this only relativ
e.g., for OH2 in the three hosts by different runs in sampl
of known valuesN under equal power excitation oflexc

5514.5 nm and best possible equal optical alignment. T
yields ~still with some uncertainty! the valuesI OH2 in units
of photon counts per second normalized toN51000 ppm.
The I OD2 values, relative toI OH2, we obtain accurately by
measuring for each host a specially grown sample dou
doped with the same concentration of OH2 and OD2. Simi-
lar as in IR absorption, the measured Raman intensitieI
multiplied by the molecular reduced massm and a
‘‘frequency-correction factor’’C ~Ref. 35! yield values of

(]ā/]r )2, with ā the electronic polarizability of the mol
ecule. As our Raman intensities are not absolutely calibra
but only measured as relative values, we obtain from th

only the relative (]ā/]r )2 ratio between our different sys
tems.

When comparing the same molecules in the three ho
theirm value and correction factor is the same for all, and
intensity ratios reflect directly the ratios of (]ā/]r )2. When
comparing OH2 and OD2 of differentm andvSM , the ratio
COH2 /COD2 is close to nearly exactly compensated by th
of mOH2 /mOD2, so that in total a correction factor close
1 (;1.1) results. Therefore, essentially the measured Ra
intensity ratio I OH2 /I OD2 reflects nearly exactly the
(]ā/]r )2 ratio of OH2 and OD2, as summarized in Table II

First discussing the IR absorption strength, we recogn
two important trends and one ‘‘singularity’’ in the (]p/]r )2

values listed in Table II.
~a! Under LiF→NaF→KF exchange of hosts, a stron

systematic decrease~by a factor up to 40! in the values for
OH2.

~b! Under OH2→OD2 isotope exchange in LiF and NaF
an increase of (]p/]r )2 by a factor of;2.
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~c! Under the same isotope exchange in KF, the ‘‘sing
larity’’ of a drop of (]p/]r )2 by a huge factor nearly down
to zero. This is illustrated by the IR spectra in Figs. 9~a! and
9~b!, plotted in very different scales for OH2 and OD2.

For understanding and interpretation of these results,
consider three significant aspects:

~A! By substitution of OH2 into various hosts, the inter
nuclear distancer e of the free molecule will be reduced t
smaller values~most in LiF! due to the compression alon
the molecular axis by repulsive interaction with its neare
neighboring host cations.

~B! For OH2→OD2 isotope exchange, only a very sma
reduction ofr e will occur ~due to the anharmonicity of th
Morse-type mechanical SM potential!. Much more signifi-
cant is the isotopic shift of the molecular center of ma
~CM!, which makes the (]p/]r ) of OD2 larger by;0.05ueu
than that of OH2.36

~C! As shown by quantum chemical calculations,37 the
electric dipole functionp(r ) of OH2 is a complicated one
approximately described by a ‘‘Sage function’’p(r )
}r •exp(2r/r* ), with r * an adjustable parameter.38 Evi-
dently, its positive slope atr ,r * decreases with risingr,
becomes zero atr 5r * , and then negative forr .r * . For
OH2 as a free molecule or substituted into larger lattic
~like KCl and KBr!, r e.r * and (]p/]r ) is negative. This is
proven experimentally by the observation that the small p
tive increase of (]p/]r ) by the CM shift under OH2

→OD2 substitution@discussed in~B!# leads to decrease i
magnitude ofu]p/]r u and its squared (]p/]r )2, as observed
in KCl and KBr.34

We interpret our results~a!, ~b!, and ~c! on the basis of
these aspects~A!, ~B!, and~C!. For LiF and NaF we assum
OH2 and OD2 to lie atr e,r * and to have positive (]p/]r ).

FIG. 9. SM spectra at medium temperatures of KF with eq
concentrations of OH2 and OD2 defects:~a! and ~b! are infrared
absorption, plotted for OH2 and OD2 in very different absorption
scales.~c! and~d! are Raman scattering, plotted for OH2 and OD2

in the same scale of scattering intensity. The scattering efficie
and detection efficiency factors reduce the OH2 relative strength by
a factor 0.75.
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s
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The best proof for this is the observation~b!, that the CM
shift by OH2→OD2 substitution leads to a net increase
(]p/]r )2, opposite to its decrease in larger lattices like K
and KBr.34 In between these two types of small and lar
lattices with opposite OH2/OD2 behavior lies the interesting
region of r e'r * , with small u]p/]r u. Following the LiF
→NaF trend, KF lies in this range withr e slightly abover *
for OH2, with a (]p/]r ) close to 20.05ueu. Its small
(]p/]r )2 value becomes reduced to nearly zero by the C
shift under OH2→OD2 isotope exchange. A very simila
behavior of OH2/OD2 absorption strength is observed in th
NaCl host,34 which has a similar lattice constant as K
When the slope of the dipole functionp(r ) disappears atr
5r * , its second derivative]2p/]r 2 is very high; as a conse
quence we observe for OD2 in both KF and NaCl hosts a
second harmonic SM absorption stronger than the~nearly
disappeared! first harmonic.33

Our results on the Raman intensity and (]ā/]r )2 varia-
tions in the six systems are quite different, and simpler. B
host variation~measurable only with larger error-bar! and
OH2→OD2 isotope exchange keep the (]ā/]r )2 values
rather constant. Obviously, the ‘‘polarizability function
ā(r ) ~which we did not find calculated in the literature!,
keeps its slope (]ā/]r ) rather constant over the range of o
r e variation. The only small trend we observe is the relat
Raman strength of OH2 and OD2, which is higher for OD2

in LiF and decreases via NaF towards KF to nearly eq
strength. This latter case of KF is in fact illustrated in Fig
9~c! and 9~d! by its measured OH2 and OD2 Raman spectra
in KF, emphasizing that the huge drop in IR absorpti
strength@Figs. 9~a! and 9~b!# is totally absent in Raman.

IV. SUMMARY

Our spectra confirm that the OH2 and OD2 centers in
LiF, NaF, and KF are oriented along the^111& axes of the
host crystal. The line shapes remain Lorentzian up to h
temperature, indicating that the impurities are well localiz
in their wells. They orient themselves parallel with the dire
tion in which a uniaxial pressure is applied.

Tunneling splittings of 1.2 cm21 for LiF:OH2 and
0.7 cm21 for KF:OH2 can be determined. The differenc
between the linewidths of theA1g and T2g Raman spectra
sets an upper limit for the splitting in other hosts. In LiF th
spectra correspond very well with those predicted by a mo
involving nearest-well tunneling. In KF the low-temperatu
IR and Raman spectra show some anomalies, poss
caused by impurities that do not participate in the tunnel
behavior and that are present even at very low concen
tions.

The linewidths of the transitions could possibly be e
plained by assuming that they are lifetime related below
K. However, it is desirable to have an independent test
this extremely short vibrational lifetime. At higher temper
tures, the absorption andT2g Raman lines are strongly
broadened by interaction with phonons. TheA1g Raman
bands are broadened less. We attributed the difference to
presence of ‘‘isotropic’’ and ‘‘anisotropic’’ dephasing com
ponents. The latter are due to oscillations of the molec
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around thê 111& axis, and do not contribute to the broade
ing of theA1g line.

The temperature dependence of the SM frequency is c
siderably stronger than we estimated from both the dep
ing effect and the thermal expansion of the lattice. It is like
that short-range forces are fairly important for OH2 in the
alkali-fluorides, and that we underestimated the effect
thermal expansion.

The variation of absorption intensity under host variati
and under OH2↔OD2 isotope substitution indicates
strong electrical anharmonicity, in other words the seco
derivative of the dipole moment is large. It is also conclud
that in the case of OD2 the dipole moment reaches a max
mum ~or minimum! as a function of the equilibrium distanc
ok
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-
he
ve
es

of
-

n-
s-

f

d
d

in r e in KF and NaCl. The Raman cross sections show c
siderably less dependence on the host material and on
tope variation.
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