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The stretching-mode 共SM兲 of OH⫺ and OD⫺ defects in LiF, NaF, and KF hosts has been studied with
Raman scattering and Fourier transform infrared 共FTIR兲 absorption spectroscopy, at temperatures from 4 K to
500 K. In all three hosts the 具 111典 orientation of the OH⫺ 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 OH⫺ parallel to an applied 具 111典 uniaxial stress with a Curie
law. Accurate band-shape analysis of low-temperature FTIR absorption and T 2g Raman spectra yields for low
concentrations of OH⫺ in LiF and KF consistent values of their nearest-neighbor reorientational tunneling
parameters (⌬⫽1.2 and 0.6 cm⫺1 , respectively兲. For OH⫺ in NaF and for OD⫺ 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 and T 2g Raman bands and the smaller broadening of the A 1g 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 OH⫺ and OD⫺ 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 OD⫺ absorption in KF.

I. INTRODUCTION

The extensive studies of OH⫺ defects in alkali halides
during the past 35 years have mostly focused on alkalichloride, -bromide, and -iodide crystals.1 In all these hosts,
substitution of a small OH⫺ molecular ion on larger Cl⫺ ,
Br⫺ , or I⫺ lattice sites leads to sizable off-center shifts, large
共molecular ⫹ displacement兲 electric dipoles, and ‘‘cigarshaped’’ elastic dipole tensors of either 具 100典 or 具 110典 symmetry. Orientational tunneling of these systems involves
complicated angular and translational motion of the molecule. The theoretical description includes a renormalization
of its tunneling parameter ⌬ to a much smaller value, taking
care of the reorientation of the strong gerade and ungerade
distortions of the surrounding lattice.2 This sizable ‘‘dressing
effect’’ obscures 共or may even invert兲 the large difference
⌬(OH⫺ )⬎⌬(OD⫺ ) expected for the tunneling of the ‘‘bare
molecule.’’
In distinct contrast to these systems, the ‘‘egg-shaped’’
OH⫺ molecule fits very tightly into the F⫺ lattice site of
alkali-fluorides. Regarding an OH⫺ ion simplified as an ‘‘F⫺
ion with one of its protons pulled out by ⬃1 Å,’’ illustrates
its being a bit longer and slimmer, compared to an F⫺ ion.
Due to this misfit it has been often suspected that reorientational tunneling of OH⫺ may not be possible in alkali fluorides. This appeared to be supported experimentally by negative results of attempted paraelectric resonance3 and electrodichroism experiments4 in various alkali fluorides. Two
encouraging positive results on LiF:OH⫺ with lowtemperature heat conductivity5 and dielectric experiments,6
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indicating the presence of defects with sizable 1⬃2 cm⫺1
tunneling splitting, remained ‘‘singularities;’’ they were not
tested with other techniques, or extended by studies of the
defect symmetry, OH⫺ →OD⫺ isotope or alkali fluoride host
material variation.
This uncertainty about tunneling and reorientation of
OH⫺ molecules in alkali fluorides changed drastically two
years ago with a paper by two of the present authors 共CPA
and FL兲.7 Stress dichroism of the stretching-mode 共SM兲 absorption of OH⫺ and OD⫺ molecules in LiF and NaF
showed clearly that these defects can be aligned paraelastically at lowest temperatures with uniaxial stress S 111 and
characterized by ‘‘disk-shaped elastic tensors.’’ Moreover,
the SM absorption of OH⫺ in LiF showed clearly a doubleband structure, caused predominantly by 70° tunneling of the
具 111典 oriented molecules, and yielding a tunneling splitting
parameter of ⌬⫽1.2 cm⫺1 for both the ground and excited
states of the SM transition.7 The unresolved estimated tunneling splitting of OD⫺ in both LiF and NaF hosts was found
to be considerably smaller than that of OH⫺ .
We extend this initial work of Ref. 7 in two important
directions: adding a new host material KF and an important
experimental technique, nonresonant Raman scattering, to
the Fourier transform infrared 共FTIR兲 absorption study of the
OH⫺ and OD⫺ stretching modes. First these two FTIR and
Raman approaches probe different physical properties of the
system: SM modulation of the electric dipole vectors vs SM
modulation of the electronic polarizability tensors of the molecular defects. This often leads to results that can be used
for complementary interpretations. Polarized Raman scattering of properly chosen symmetries of the incident and scat3989
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tered light, can for a totally unaligned molecular defect system determine the orientation ( 具 100典 , 具 111典 , or 具 110典 ) of the
molecules. We use this ‘‘behavior type 共BT兲 method’’ for
our studied crystal-defect system8 共see Sec. III A兲 and compare the results to the ones obtained by the infrared 共IR兲
absorption dichroism for uniaxial stress-aligned molecular
defects 共see Sec. III B兲. For systems with sizable tunneling
splitting, the expected spectral substructure of IR or Raman
SM transitions is quite different due to different selection
rules between the gerade and ungerade tunneling states. We
present results obtained in LiF:OH⫺ and KF:OH⫺ and discuss attempts to get them in agreement to each other and to
the underlying tunneling model in Sec. III C. This latter attempt is particularly challenging for the newly studied
KF:OH⫺ system, which—in spite of its determined 具 111典
symmetry—is found to be not in agreement with a simple
model of predominant nearest-neighbor 70° tunneling. Addition of Raman has added to the single SM half-width of IR
absorption two new ones, observed half-width 共HW兲 values
for parallel (A 1g ) or perpendicular (T 2g ) light scattering.
Their observed broadening under temperature increase 共up to
500 K兲 is presented, and tried to be interpreted by assumed
dephasing mechanisms in Sec. III D. Similarly, we treat in
Sec. III E strong temperature dependence of SM line positions, observed by IR absorption, A 1g and T 2g Raman measurements. Finally, in Sec. III F results of the SM IR absorption and Raman strength of OH⫺ and OD⫺ in the three hosts
are presented and discussed.

PRB 61

FIG. 1. Relative intensities of the A 1g , E g , and T 2g Raman
scattering of the OH⫺ stretching mode in LiF 共a兲, NaF 共b兲, and KF
共c兲, obtained from polarized Raman measurements at 6.2 K.

performed in a 90° scattering geometry. Samples cleaved
along 共100兲 surfaces were used to record 具 100,100典 共or A 1g
⫹E g ) and 具 100,010典 ( 21 T 2g ) spectra. Samples polished to
have two 共110兲 surfaces gave us 具 110,11̄0 典 ( 43 E g ) and
具 110,110典 (A g ⫹ 41 E g ⫹ 12 T 2g ) spectra.
Note that for the symmetry notations E g and T 2g we are
using the convention of Ref. 8, which differs from the one
used by Ref. 9 by factors 4/3 and 2, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Polarized Raman scattering: Defect symmetry

II. EXPERIMENTAL DETAILS

The crystals were grown with the Kyropolous technique
at the University of Utah from a melt of ultrapure powder of
host material, doped with a proper alkali-hydroxide. Acid
titration of measured samples was used to determine the
OH⫺ and OD⫺ concentrations. We then used these to determine the absorption strength per unit of concentration, as
listed in Table II. By varying the defect concentration and
comparing the absorption spectra, we were able to select
concentrations at which the interactions between defects are
negligible. At higher temperatures (T⭓150 K) high
OH⫺ /OD⫺ concentrations could be used because the thermal
broadening of linewidths is larger than the inhomogeneous
one due to the defect interaction and background strain. We
obtained the same band shapes in the temperature region for
high and low concentrations.
The infrared absorption spectra were measured with a
Bruker IFS88 FTIR spectrometer with a resolution of about
0.1 cm⫺1 . The samples were placed in a helium cryostat, that
allowed temperature variations between 4 K and 350 K.
The Raman scattering experiments were performed with a
Dilor XY-800 Raman Spectrometer, equipped with a Wright
Instruments nitrogen-cooled 1200⫻300-pixel CCD detector.
Measurements at temperatures between 4 K and 150 K were
done in a helium-flow cryostat, and measurements between
130 K and 500 K in a cryostat cooled by nitrogen gas. For
most measurements the 514.53 nm line of a Spectra Physics
2020 Ar⫹ -laser was used as excitation source. This yields a
spectral resolution of 1.7–1.5 cm⫺1 in the low-dispersion
mode of the spectrometer, and of 0.3 cm⫺1 in the highresolution mode. All Raman scattering experiments were

We have verified the molecular orientation of OH⫺ and
OD⫺ in alkali-fluoride hosts, determined in a previous work
by measurements of the elastic dichroism of SM absorption,7
with polarized Raman scattering experiments. In spite of an
equal distribution of the microscopic polarizability tensors of
the defects over the possible orientations, the resulting macroscopic polarized Raman response will be different for
具 100典 , 具 111典 , or 具 110典 orientations of the individual molecules. It is often complicated to extract symmetry information from a set of Raman spectra. A quantitative approach
called the behavior type method10 has been applied to diatomic molecules by Fleurent et al.8
The three symmetry components of the Raman spectra at
6.2 K for OH⫺ in three hosts are displayed in Fig. 1. The
具 110,11̄0 典 spectrum is very weak, only a few percent of the
具 100,100典 intensity. This weak signal may be due to the
imperfection of the polarizer, the focusing of the laser beam,
and small errors in orientation. Therefore we can say that the
E g spectrum is zero within the experimental limits. The absence of an E g spectrum and the presence of a sizable T 2g
spectrum are compatible with an 具 111典 orientation of the
defects, but not with a 具 100典 or 具 110典 orientation.8
In case the thermal reorientation becomes sufficiently
rapid at high temperatures, the system may approach the free
rotor behavior, resulting in a reduction of the T 2g intensity
and the appearance of an E g spectrum. For the case of
NaCl:OH⫺ this has indeed been observed.9 We found no E g
spectrum in NaF at room temperature, yet in all three host
materials the ratio of the T 2g /A 1g intensities decreases when
the temperature is increased above 120 K. This may indicate
some increase in angular motion. However, the impurity is
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C. Spectral substructure: Reorientational tunneling
and half-width
1. Reorientational tunneling

The reorientational tunneling between eight equivalent

具 111典 potential wells has been studied for the LiF:OH⫺ sys-

FIG. 2. Integrated OH⫺ absorption ratio I(S)/I(0) in KF host
under variation of S, measured parallel and perpendicular polarized
to the applied stress S. The curves are calculated and fitted for the
具 111典 elastic-dipole model as described in text.

not expected to come close to the behavior of a free rotor,
because the barriers for reorientation of the OH⫺ are quite
high.
The Raman spectra of NaF:OD⫺ and KF:OD⫺ also indicate, by their T 2g /E g behavior, an 具 111典 orientation of the
defect. The E g spectrum of LiF:OD⫺ was not recorded.
B. Stress alignment: Elastic dipole tensor

The molecular defects introduce sizable anisotropic elastic lattice deformations, which can be represented by the
‘‘elastic dipole tensors.’’11 The integrated SM absorption
changes I(S)/I(0) induced by a stress S of a particular symmetry correspond directly to the paraelastic alignment under
stress of the defects.12 For OH⫺ and OD⫺ LiF and NaF,
elastic dichroism measurements indicating a 具 111典 oriented
disk-shape elastic dipole moment were already reported in a
previous work.7 To make the comparison complete for all
three hosts, we now present the elastic dichroism of the IR
SM absorption in KF. Figure 2 summarizes this stress-optical
dichroism for OH⫺ in KF as a function of S at 4.2 K, for
stress applied in 具 100典 and 具 111典 directions.
The observed absence of any dichroism for S 100 and its
obtained size and sign for S 111 show that OH⫺ molecular
ions in KF also form 具 111典 oriented disk-shaped elastic dipole tensors. The measured I(S)/I(0) can be fitted very well
with the calculated relations, Eqs. 共1兲 and 共2兲 in Ref. 7, yielding the negative elastic dipole factor ␣ 111 to be ⫺6.7
⫻10⫺24 cm3 .
As far as could be observed the integrated stress dichroism of the OD⫺ in KF behaves similarly. The OD⫺ SM
absorption is very weak and narrower than the resolution of
the instrument, and an accurate analysis was not possible.

tem by measuring and analyzing the IR SM absorption spectra in Ref. 7. The presence of reorientational tunneling,
through possible 70°, 110°, and 180° reorientation angles,
splits the eightfold degenerate localized states into tunneling
states with A 1g , T 1u , T 2g , and A 2u symmetries.13 The T 1u
and T 2g levels are threefold degenerate. If 70° tunneling is
dominant, the level splittings are equidistant. In the simplest
case, the level spacing can be assumed to be identical in the
ground and excited state of the SM vibration.
In absorption only the g↔u transitions 共except
A 1g ↔A 2u ) are allowed, and the tunneling substructure of
SM transition from v ⫽0 to 1 results in the appearance of
two components at frequencies  SM ⫹⌬ and  SM ⫺⌬. In
Raman scattering only g↔g and u↔u transitions are allowed, with additional restrictions imposed by the symmetry
of the system and the polarization. In the T 2g Raman spectra
three components appear, at frequencies  SM ⫺2⌬,  SM ,
and  SM ⫹2⌬. In the A 1g spectrum there is only a line at
 SM . 14,15
Considering the selection rules for IR absorption transitions, the SM absorption of the LiF:OH⫺ system at 4.2 K can
be decomposed into Stokes and anti-Stokes shifted Lorentzians of the same half-width,16 as shown on Fig. 3共a兲. The
vertical bars, indicating the expected amplitude of the components on the basis of a Boltzmann distribution, agree
closely with the observed intensities. In Ref. 7 their splitting
has been studied under temperature and stress variations,
yielding the energy-splitting parameter ⌬⫽1.2 cm⫺1 with
predominant 70° tunneling. It was also shown there that the
splitting between the tunneling levels is identical in the
ground ( v ⫽0) and excited ( v ⫽1) states.
In Fig. 3共b兲 the decomposition into three Lorentzian
bands is shown for the observed slightly asymmetric T 2g
Raman spectrum of the OH⫺ in LiF at 6.2 K. The separation
and relative strength of the three bands yield the same tunneling splitting parameter ⌬⫽1.2 cm⫺1 and imply that the
levels are equidistant. This observation verifies again that the
70° tunneling is predominant compared to the 110° and 180°
ones. The half-width 3.7 cm⫺1 of each Lorentzian band is
the same as was obtained from the IR SM absorption 共see
Table I of Ref. 7兲. It is close to the observed HW of the A 1g
Raman spectrum, which should not contain any unresolved
tunneling splitting.
A spectral substructure due to tunneling is also detected in
the KF:OH⫺ system, but here an additional central peak is
present, that is not predicted by the 70° tunneling model.
There are two possible approaches to an explanation of this
peak. In Fig. 4共a兲 we have chosen to decompose the IR spectrum of KF:OH⫺ at 4.2 K into two Lorentzians and one
Gaussian, in such way that the Lorentzian components conform closely to a 70° tunneling model with the equal tunneling splitting of v ⫽0 and 1 SM states, whereas the Gaussian
is treated as an additional absorption of other origin. We
used a similar decomposition for the T 2g Raman spectrum in
Fig. 4共b兲, where a central Lorentzian is of course expected,
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FIG. 3. Infrared 共a兲 and Raman 共b兲 low-temperature SM spectra
of OH⫺ in LiF, and their decompositions into Lorentzian-shaped
transitions with the positions and relative strength expected for a
具 111典 oriented system with tunneling splitting ⌬ 共see diagrams in
inset兲.

but a central Gaussian contribution still had to be added to
explain the difference between the observed and expected
intensity of the central peak. The current fits, as shown on
Fig. 4, correspond reasonably to a 70° 具 111典 reorientational
tunneling structure, with an energy-splitting parameter ⌬
⫽0.6 cm⫺1 . In this approach the nature of the central band
can in principle be attributed to a part of the defects for
which the tunneling-split vibrational transition has been
changed by internal stress or field into a classical 0→1 transition. As this could be produced by elastic and electric dipole interactions of the defects, we attempted to remove the
central band by reducing the OH⫺ concentration down to 10
ppm, but did not succeed. Background strain from other origins may be an alternative explanation, but it is hard to justify its magnitude. It is interesting to note that our observed
behavior of the OH⫺ vibrational transition when changing
from LiF to KF hosts is amazingly similar to that of the
具 111典 oriented CN⫺ ions under change from KCl to KI
hosts.17 In both cases the reduction of the tunneling splitting
from 1.2 to 0.6 cm⫺1 is accompanied by the appearance of a
strong central band. In spite of detailed discussion in Ref. 17,
its physical origin remained rather unexplained.
An alternative approach would be to try to decompose
both the observed IR absorption and T 2g Raman spectra into
only three Lorentzian bands without any Gaussians. The sim-
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plest tunneling model as in LiF:OH⫺ system is expanded by
including sizable amounts of 110° and 180° tunneling probabilities and a difference of the tunneling energy splittings
for v ⫽0 and v ⫽1. Some combination of these effects can
produce the triple-band substructure in the KF:OH⫺ system.
However, there are six parameters in this approach. In absence of additional experimental support, we cannot decide
what combination is physically correct. Therefore, we plan
to perform experiments and quantitative analyses of the SM
IR and Raman spectra under stress, in the hope that this will
allow us to reach definite conclusions.
The reorientational tunneling of LiF:OD⫺ and NaF:OH⫺
and OD⫺ is not directly observed in either IR or Raman
spectra, due to single Lorentzian band shape of the lowtemperature absorption. Besides upper limits of ⌬ allowed
by the band shapes, lower limits of ⌬ values were estimated
in Ref. 7 by the small narrowing of the SM absorption under
S 111 stress alignment of the molecules, which removes the
70° tunneling splitting. From the Raman spectra similar estimates can be made if an unresolved splitting makes the T 2g
line wider than the A 1g line. As ⌬ⰆkT, and the amplitudes
of the three components of the T 2g will be 1:3:1, calculated
example curves show that the difference between the A 1g
and T 2g line width is expected to be between ⌬ and 2⌬. For
NaF:OH⫺ this gives a reasonable result: A value of 0.1 to
0.05 cm⫺1 , in good agreement with the IR band-narrowing
under stress alignment and with the first results of dielectric
measurements on these materials.18 For LiF:OD⫺ the agreement is not so good, because the observed difference in halfwidth of ⬃0.8 cm⫺1 , is much larger than the tunneling splitting of ⬃ 0.2 cm⫺1 estimated by IR results.7 Note that these
Raman linewidths are already close to the instrumental resolution, so that they may contain significant deviations from
the real line widths. The measured low-temperature A 1g and
T 2g Raman widths of the NaF:OD⫺ and KF:OD⫺ lines are
meaningless, because the actual values as observed by IR
absorption are well below the experimental resolution of the
Raman instrument.
2. Low-temperature linewidths

If the temperature is varied from 4 K to 30 K the widths
of the A 1g lines remain approximately constant, with a
Lorentzian shape indicating homogeneous broadening. In the
case of LiF:OH⫺ , where the IR and T 2g Raman spectra can
be decomposed accurately, the individual components of the
tunneling structures also show nearly constant widths, and
within the experimental accuracy they are identical to the
width of the A 1g line.
The widths of the A 1g Raman line vary from ⬃4 cm⫺1 in
the LiF:OH⫺ case, to below the spectral resolution for OD⫺
in NaF and KF. Especially the width of the LiF:OH⫺ absorption is unusually large, compared to that found in other
alkali-halide hosts. These absorption values were measured
down to very low OH⫺ concentrations (⭐10 ppm) to verify
that interactions between OH⫺ ions are not causing any
broadening.
The width ⌬  of a Lorentzian line corresponds to the
decay time of the correlation function, and both the vibrational lifetime (2T 1 ) and the dephasing (T 2 ) contribute to
this. Because the width is almost constant below 30 K, it
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cay could reach the picosecond time scale in favorable
conditions.22 Favorable conditions require that the
librational/rotational mode must be high in frequency and
possibly strongly anharmonic, so that the energy of the SM
vibration can decay into a minimal number of quanta, and
that there is a strong coupling. The coupling may indeed be
stronger in the fluorides, because the OH⫺ fits only just into
the space of the F⫺ . The librational sidebands of OH⫺ defects in the three hosts are found to be in the range
500–880 cm⫺1 , instead of the frequency of about 300 cm⫺1
that is common in the alkali chlorides and bromides.23,24 The
phonon frequencies in the fluorides are also high, and that
might assist the fast relaxation.
We tentatively assign the low-temperature width to lifetime broadening, but a direct measurement of the vibrational
lifetime would be highly desirable.
D. Temperature dependence of the half-widths:
Dephasing mechanisms

FIG. 4. Infrared 共a兲 and Raman 共b兲 low-temperature SM spectra
of OH⫺ in KF, and their decompositions into Lorentzian-shaped
‘‘tunneling transitions’’ and Gaussian-shaped ‘‘classical transition’’
共for details, see text兲.

seems unlikely that dephasing by phonons or local modes
plays an important role in this temperature range. Phononassisted reorientational tunneling19 can also be excluded as a
dephasing mechanism, for the same reason. On the other
hand we observe that the low-temperature half-width is
larger if the tunneling splitting is larger. This suggests some
relationship. If the level splitting in ground and excited state
is not identical, this would cause some apparent line broadening due to hidden splitting; but as no deviation from a
Lorentzian shape is visible, this effect cannot be large.
It remains to consider lifetime effects. The observed linewidths correspond to lifetimes of about 1 ps for LiF:OH⫺ , 4
ps for LiF:OD⫺ , 8 ps for KF:OH⫺ , and 9 ps for NaF:OH⫺ .
The other cases are not resolved, but the linewidth is always
larger for OH⫺ than for OD⫺ . A lifetime of a few ps for the
SM vibration would be extremely short: In other alkali halides the OH⫺ vibration relaxes on a nanosecond time scale.
This is already quite fast and has been attributed to a decay
of the SM excitation into librational and rotational modes.20
This model explains the tendency of the lifetime to remain
roughly constant or even increase under OH⫺ →OD⫺ isotope
substitution.21 Also important in our case is that it is a nearly
temperature-independent mechanism, which would be in
agreement with the observed temperature independence of
the half-width below 30 K. Theoretically the vibrational de-

We have studied the SM vibration of OH⫺ in LiF, NaF,
and KF hosts under temperature variation, comparing infrared absorption and Raman scattering spectra. The three SM
half-widths 共full width at half-maximum兲 of OH⫺ and OD⫺
in LiF, NaF, and KF hosts are plotted in Figs. 5, 6, and 7 as
a function of temperature in the range 4–500 K. For simplicity, we plotted the overall half-width, even for LiF:OH⫺ and
KF:OH⫺ where at low temperature the band could be decomposed into tunneling transitions, as shown in Figs. 3 and
4 at 4 K.
First we focus on the HW关IR兴 results, measured with
higher resolution in a temperature range of 4 K to 350 K. In
contrast to the SM properties of OH⫺ and OD⫺ in alkalichlorides and -bromides, two temperature regions can be distinguished in the behaviors of these systems in the fluorides:
Between 4 K and 50 K the changes of the half widths are
rather small. The overall width of the IR spectra shows some
decrease, and for LiF:OH⫺ this was studied in detail. By
decomposing the spectra it was found that as the temperature
is increased the linewidths of the individual components become slightly larger, but the tunneling splitting is gradually
reduced. The overall effect is a decrease in the total width.
From about 50 K broadening sets in, and above 100 K the
HW关IR兴 values increase with a T ⬃2 power law.
The Raman spectra have a lower resolution than the IR
spectra, so the data are incomplete at low temperature, especially in the case of the very narrow KF:OD⫺ and NaF:OD⫺
bands. The effect apparent for NaF:OH⫺ and LiF:OD⫺ ,
where the A 1g Raman line appears to be wider than the absorption line, is caused by the better resolution of the absorption spectrometer. Where measurement is possible, the two
Raman HW’s show very different temperature dependences:
The HW关 T 2g 兴 is quite similar to the HW关IR兴, but slightly
larger. In contrast, the HW关 A 1g 兴 remains fairly constant up
to a higher temperature and thereafter broadens slower. The
HW关 A 1g 兴 then also follows a T ⬃2 power law.
At high temperature the A 1g Raman bands are considerably narrower than the T 2g and absorption bands. The difference is probably best explained by looking at the analogous
case of molecules dissolved in liquids.25–27 In that case the
Raman spectrum can be separated into isotropic and aniso-
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FIG. 5. Temperature dependence of the SM
half-widths of OH⫺ and OD⫺ defects in LiF
measured by infrared absorption and by 储 and ⬜
polarized Raman scattering. The lines represent
the theoretical formulas, as discussed in the text.

tropic parts: The isotropic Raman spectrum is related to the
trace of the polarizability tensor, the anisotropic spectrum to
the off-diagonal elements. Dephasing occurs through collisions with the solvent molecules, and the band width of the
isotropic Raman spectrum does not contain broadening due
to reorientational processes. The anisotropic Raman spectrum and the absorption spectrum do. A review of the attempts that have been made to calculate the actual line
shapes for molecules in liquids is given in Ref. 27.
In our case we are dealing with a different situation, that
of molecule with a strongly localized orientation in a cubic
crystal, and dephasing occurs through collisions with
phonons. The system should not be treated as a molecule
rotating in a matrix, instead the movements of the molecule
and the neighboring atoms should be considered together.
Nevertheless a similar interpretation seems suitable: The
evolution of the A 1g line shape corresponds to the ‘‘pure’’ or
isotropic dephasing of the stretch mode vibration, while the
absorption linewidth and the T 2g Raman width also contain
the influence of the oscillations of the molecule around its
具 111典 orientation, stimulated by a local mode or by collisions

with phonons. The Raman spectra associated with such
movements have E g or T 2g symmetry. We were unable to
observe the corresponding sidebands in Raman spectra. They
have been reported in FTIR absorption spectra.23
Some information about the nature of the process can be
inferred from the similarity of the absorption and T 2g Raman
widths, except in the case of KF:OH⫺ where the difference is
fairly important. It has been calculated in Ref. 28 that for a
spherically symmetric molecule in a liquid, an equality of the
two linewidths implies that the mean angle of rotation due to
collisions is 120° or larger. The two systems are of course
quite different in that in our case only limited movements
around the eight orientations, or full reorientations are possible instead of a continuum of angles. But we may perhaps
infer from it that the motion of the OH⫺ impurity is ‘‘jerky’’
rather than diffusive, with fairly large amplitudes.
We do not think that the broadening process should be
described as a simple rotation or even a libration of the impurity in the lattice, because the frequencies of the librational
modes in the alkali fluorides are too high23 to correspond to
the observed broadening and the SM vibration bands do not

FIG. 6. Temperature dependence of the SM
half-widths of OH⫺ and OD⫺ defects in NaF
measured by infrared absorption and by 储 and ⬜
polarized Raman scattering. The lines represent
the theoretical formulas, as discussed in the text.
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FIG. 7. Temperature dependence of the SM
half-widths of OH⫺ and OD⫺ defects in KF measured by infrared absorption and by 储 and ⬜ polarized Raman scattering. The lines represent the
theoretical formulas, as discussed in the text.

show any sign of a rotational substructure. However, phonon
and local modes may distort the environment of the system,
lowering its symmetry, and producing a temporary deviation
of the axis of the molecule away from the 具 111典 direction. It
is possible that they would greatly enhance the reorientation
process.
We have chosen to fit the linewidths in two stages. The
temperature-dependence of the ‘‘pure’’ or isotropic dephasing of the A 1g Raman spectrum we fitted with a model for
dephasing by weakly-coupled acoustical phonons,29 which
gives for the line broadening

HW 共 T 兲 ⫽HW 共 0 兲 ⫹  D

2
9W D

4

冉 冊冕
7

T
TD

T D /T

dx

0

x 6e x

,
共 e x ⫺1 兲 2
共3.1兲

and the line shift

共 T 兲⫽  0⫹  D

冉 冊冕

3W D T
4 TD

4

T D /T

0

dx

x3
共 e x ⫺1 兲

. 共3.2兲

These formulas describe the effect of acoustical phonons of
frequency  D , corresponding with a Debye temperature
T D ⫽ប  D /k, weakly coupled to the transition with a coupling strength W D . For temperatures high compared to T D ,
they predict that the broadening is quadratic with the temperature and the shift linear; which corresponds fairly well to
our case. Theoretically, these expressions are nearly exact for
W D ⰆT D /T. However, they remain approximately valid for
the parameters we use, as shown in Ref. 29.
Because the Debye approximation is a very simple one
and only a part of the phonons are expected to contribute to
the dephasing, we have treated  D as an adjustable parameter instead of as a constant for the host material. Values for
 D were chosen that are reasonable for acoustic phonons30
and correspond to absorption sidebands of the SM
vibration.23 A fit of this component can also be made assuming dephasing by optical phonons, but the phonon frequencies produced are too low to be realistic for an optical phonon, so we reject these as physically invalid. The parameters
for the fits are listed in Table I, and the comparison between
the theoretical curve and the data points in Figs. 5, 6, and 7.
The sign of the coupling parameter W D cannot be deter-

TABLE I. Fitting parameters for dephasing by weakly coupled acoustic or optical phonons.
LiF
OH⫺
Isotropic component
D
兩 W D兩

NaF
OD⫺

OH⫺

KF
OD⫺

OH⫺

OD⫺

320 cm⫺1
0.263
0.204

250 cm⫺1
0.260
0.198

150 cm⫺1
0.255
0.204

Anisotropic component
o
200 cm⫺1
兩 W o兩
0.326
0.286

120 cm⫺1
0.204
0.189

76 cm⫺1

Host Parameters
TD
Highest LA
Phonon

736 K
400 cm⫺1
at 关111兴

492 K
300 cm⫺1
at 关111兴

0.256

0.239

330 K
200 cm⫺1
at 关111兴
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FIG. 8. Frequency of the OH⫺ and OD⫺
stretching modes in LiF and KF as a function of
temperature.

mined. The values of 兩 W D 兩 are very similar in all three hosts,
and the ratio of the coupling constant for OH⫺ to that for
OD⫺ is approximately 1.3. This stronger coupling for the
OH⫺ might simply be caused by the larger amplitude of its
vibration.
The difference between the IR or T 2g Raman linewidths
and the A 1g Raman line widths we interpreted as an ‘‘anisotropic’’ dephasing. For lack of a better model, we have chosen to treat this as dephasing by optical phonons. A theoretical expression for dephasing by weakly coupled optical
phonons is29
HW 共 T 兲 ⫽HW 共 0 兲 ⫹  o

W2 3
n 共  o 兲关 n 共  o 兲 ⫹1 兴 .
V 20

共3.3兲

This too will produce, in the weak coupling limit and at high
temperatures, a quadratic broadening of the band. We chose
the approximation for optical phonons because of the narrowness of the sideband, which resemble an optical phonon
band more than an acoustical phonon band. For the relative
width of the band we chose V⫽0.1.
As effective frequencies  o we selected some that correspond to sidebands of the SM vibration that were shown by
elastic stress experiments to be a transverse mode.23 We tried
several of the present bands, to find the best fit. In the case of
KF we were forced to use a frequency of about 75 cm⫺1 ,
corresponding to a region where the sideband absorption is
weak. The parameters are again listed in Table I, and the
curves corresponding to the sum of the two dephasing components are plotted on Figs. 5, 6, and 7. The coupling constant is largest in LiF and smallest in NaF. The ratio between
the coupling constants 兩 W o 兩 for OH⫺ and OD⫺ is about 1.1,
a smaller difference than was found for 兩 W D 兩 . This seems
reasonable enough if we attribute the anisotropic dephasing
largely to movements of the nearest-neighbor ions, coupled
to the orientation of the impurity molecule. These movements can be expected to have a reduced isotopedependence. Likewise, the center-of-mass motion of the impurity should be little influenced by the isotope substitution.
A good agreement is found between the fit curves and the
data points, but the importance of this should not be exag-

gerated. It only shows that a reasonable fit is possible with a
very simple model. Indeed this turned out to be possible with
a wide variation of parameters, so we had to make some
essentially arbitrary assumptions about the frequencies  D
and  o .
E. Temperature dependence of the SM peak positions

The frequencies of the SM vibration peak in LiF and KF
are plotted in Fig. 8. At low temperature the tunneling structure for LiF:OH⫺ is resolved, and the absorption band
clearly has two peaks. The positions of these two peaks are
plotted at the lowest temperatures, with the position of the
main Raman line between them. With increasing temperature, the tunneling splitting soon vanishes. In the case of
KF:OD⫺ there is a ‘‘classical’’ transition with a Gaussian
line shape between the two tunneling peaks, so that the band
has a single highest maximum. We indicate this on the figure. The KF positions also appear to shift to higher frequencies over the first 100 K.
The SM frequencies all have in common 共a兲 that they shift
to lower energies above 100 K, 共b兲 that the shift over the
temperature range 4 K–350 K is relatively large
(8 –11 cm⫺1 ) compared to that in most other alkali halides
共e.g. ⬇5 cm⫺1 for KBr:OH⫺ ), and 共c兲 that the A 1g Raman
line, which can be followed to high temperatures, shifts a
little more than the absorption band. Above 100 K, the difference increases approximately linearly with temperature.
At high concentrations, above 1000 ppm, there is a shift
of the A 1g and T 2g Raman lines relative to each other, of
about 2 cm⫺1 for NaF:OD⫺ and 1 cm⫺1 for LiF:OD⫺ . We
did not include these data in Fig. 8. This difference could be
caused by interactions between the impurities, which result
in combination modes of various symmetry with slightly different frequencies. However, the half-widths of the lines are
not different from those in crystals with lower concentrations.
Several factors will contribute to the temperature dependence of the peak position. The dephasing processes also
influence the observed frequency of the stretch mode vibrations, as described by Eq. 共3.2兲. There is only a small difference between the positions of the IR and A 1g Raman lines,
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TABLE II. Absolute IR absorption intensities A and relative Raman intensities I per 1000 ppm of OH⫺
and OD⫺ , measured in LiF, NaF, and KF. From the measurements of A, values of (  p/  r) 2 are obtained
directly. From the relative Raman measurements of I, only the relative ratio of (  ¯␣ /  r) 2 between OH⫺ and
OD⫺ can be obtained, using appropriate frequency and reduced mass corrections as indicated in the text.

IR

Raman

LiF

NaF

KF

A OH⫺ in cm⫺2 /1000 ppm
A OD⫺ in cm⫺2 /1000 ppm
2
(  p/  r) OH⫺ in 10⫺3 e 2
2
(  p/  r) OD⫺ in 10⫺3 e 2
2
(  p/  r) ratio for OH⫺ to OD⫺

300
300
24
45
0.53

60
70
7.4
16
0.46

7.4
0.02
1.4
0.007
200

I OH⫺ in arb. units
I OD⫺ in arb. units

41
86
0.46

78
116
0.66

24
29
0.81

(  ¯␣ /  r) 2 ratio for OH⫺ to OD⫺

although the difference in linewidth is large. One would expect the pure or isotropic dephasing to produce, if not all,
then at least most of the frequency shift. The predicted frequency shift due to isotropic dephasing is indicated on Fig.
8. It is clearly far too small to reproduce all of the temperature dependence we observe.
Thermal lattice expansion will in general reduce the frequency of the stretch mode by moving the nearest neighbors
outside, so that the molecule feels a smaller repulsive potential. Variations of host material confirm the natural assumption, that the frequency of the SM will be higher if the molecule is confined in a small cavity and lower if it has more
space. Compared with the frequency shifts, the thermal expansion has roughly the correct shape: It is approximately
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, then
the expected reduction of the frequency from 0 K to 500 K is
about 5 cm⫺1 for OH⫺ and 3 cm⫺1 for OD⫺ . Again, this is
too small to explain the observed frequency shift. But the
details of the interaction between the impurity and its neighbors are unknown, and it is very well possible that our estimate of the effect of thermal expansion is too low. Measurements of the harmonics of the OH⫺ and OD⫺ absorption
have shown that a Morse potential is a very good model for
the mechanical behavior of the diatomic molecular defects in
alkali halides, but that there are small deviations in the fluorides, possibly because of a weak bonding between the hydrogen atom and the neighboring ions.33
F. Intensity of IR and Raman SM transitions

Besides the half-widths and positions of the OH⫺ and
OD⫺ SM transitions, discussed in Secs. III D and III E, our
spectral IR and Raman measurements contain information
about their strength under host and isotope variations. Temperature variation can be neglected because we find, within
experimental accuracy, no temperature dependence for both
Raman and IR absorption strength.
In Table II we summarize for OH⫺ and OD⫺ in all three
hosts the measured and derived quantities, which are significant for the studied SM transitions. Integrated IR absorption
measurements, performed at any temperature in samples of

well-determined concentration N, yield reliable absolute values A in normalized units of cm⫺2 /1000 ppm. These A/N
quantities, multiplied by essentially a constant and the reduced mass  of the molecule, yield the important values of
(  p/  r) 2 , where p is the molecular dipole moment with respect to the center of mass and r the internuclear distance.34
The second part of Table II summarizes the quantities
related to Raman strength. We measured this only relatively,
e.g., for OH⫺ in the three hosts by different runs in samples
of known values N under equal power excitation of  exc
⫽514.5 nm and best possible equal optical alignment. This
yields 共still with some uncertainty兲 the values I OH⫺ in units
of photon counts per second normalized to N⫽1000 ppm.
The I OD⫺ values, relative to I OH⫺ , we obtain accurately by
measuring for each host a specially grown sample double
doped with the same concentration of OH⫺ and OD⫺ . Similar as in IR absorption, the measured Raman intensities I
multiplied by the molecular reduced mass  and a
‘‘frequency-correction factor’’ C 共Ref. 35兲 yield values of
(  ¯␣ /  r) 2 , with ¯␣ the electronic polarizability of the molecule. As our Raman intensities are not absolutely calibrated
but only measured as relative values, we obtain from them
only the relative (  ¯␣ /  r) 2 ratio between our different systems.
When comparing the same molecules in the three hosts,
their  value and correction factor is the same for all, and the
intensity ratios reflect directly the ratios of (  ¯␣ /  r) 2 . When
comparing OH⫺ and OD⫺ of different  and  SM , the ratio
C OH⫺ /C OD⫺ is close to nearly exactly compensated by that
of  OH⫺ /  OD⫺ , so that in total a correction factor close to
1 (⬃1.1) results. Therefore, essentially the measured Raman
intensity ratio I OH⫺ /I OD⫺ reflects nearly exactly the
(  ¯␣ /  r) 2 ratio of OH⫺ and OD⫺ , as summarized in Table II.
First discussing the IR absorption strength, we recognize
two important trends and one ‘‘singularity’’ in the (  p/  r) 2
values listed in Table II.
共a兲 Under LiF→NaF→KF exchange of hosts, a strong
systematic decrease 共by a factor up to 40兲 in the values for
OH⫺ .
共b兲 Under OH⫺ →OD⫺ isotope exchange in LiF and NaF,
an increase of (  p/  r) 2 by a factor of ⬃2.
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FIG. 9. SM spectra at medium temperatures of KF with equal
concentrations of OH⫺ and OD⫺ defects: 共a兲 and 共b兲 are infrared
absorption, plotted for OH⫺ and OD⫺ in very different absorption
scales. 共c兲 and 共d兲 are Raman scattering, plotted for OH⫺ and OD⫺
in the same scale of scattering intensity. The scattering efficiency
and detection efficiency factors reduce the OH⫺ relative strength by
a factor 0.75.

共c兲 Under the same isotope exchange in KF, the ‘‘singularity’’ 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共a兲 and
9共b兲, plotted in very different scales for OH⫺ and OD⫺ .
For understanding and interpretation of these results, we
consider three significant aspects:
共A兲 By substitution of OH⫺ into various hosts, the internuclear distance r e of the free molecule will be reduced to
smaller values 共most in LiF兲 due to the compression along
the molecular axis by repulsive interaction with its nearestneighboring host cations.
共B兲 For OH⫺ →OD⫺ isotope exchange, only a very small
reduction of r e will occur 共due to the anharmonicity of the
Morse-type mechanical SM potential兲. Much more significant is the isotopic shift of the molecular center of mass
共CM兲, which makes the (  p/  r) of OD⫺ larger by ⬃0.05兩 e 兩
than that of OH⫺ .36
共C兲 As shown by quantum chemical calculations,37 the
electric dipole function p(r) of OH⫺ is a complicated one,
approximately described by a ‘‘Sage function’’ p(r)
⬀r•exp(⫺r/r*), with r * an adjustable parameter.38 Evidently, its positive slope at r⬍r * decreases with rising r,
becomes zero at r⫽r * , and then negative for r⬎r * . For
OH⫺ as a free molecule or substituted into larger lattices
共like KCl and KBr兲, r e ⬎r * and (  p/  r) is negative. This is
proven experimentally by the observation that the small positive increase of (  p/  r) by the CM shift under OH⫺
→OD⫺ substitution 关discussed in 共B兲兴 leads to decrease in
magnitude of 兩  p/  r 兩 and its squared (  p/  r) 2 , as observed
in KCl and KBr.34
We interpret our results 共a兲, 共b兲, and 共c兲 on the basis of
these aspects 共A兲, 共B兲, and 共C兲. For LiF and NaF we assume
OH⫺ and OD⫺ to lie at r e ⬍r * and to have positive (  p/  r).
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The best proof for this is the observation 共b兲, that the CM
shift by OH⫺ →OD⫺ substitution leads to a net increase of
(  p/  r) 2 , opposite to its decrease in larger lattices like KCl
and KBr.34 In between these two types of small and large
lattices with opposite OH⫺ /OD⫺ behavior lies the interesting
region of r e ⬇r * , with small 兩  p/  r 兩 . Following the LiF
→NaF trend, KF lies in this range with r e slightly above r *
for OH⫺ , with a (  p/  r) close to ⫺0.05兩 e 兩 . Its small
(  p/  r) 2 value becomes reduced to nearly zero by the CM
shift under OH⫺ →OD⫺ isotope exchange. A very similar
behavior of OH⫺ /OD⫺ absorption strength is observed in the
NaCl host,34 which has a similar lattice constant as KF.
When the slope of the dipole function p(r) disappears at r
⫽r * , its second derivative  2 p/  r 2 is very high; as a consequence we observe for OD⫺ in both KF and NaCl hosts a
second harmonic SM absorption stronger than the 共nearly
disappeared兲 first harmonic.33
Our results on the Raman intensity and (  ¯␣ /  r) 2 variations in the six systems are quite different, and simpler. Both
host variation 共measurable only with larger error-bar兲 and
OH⫺ →OD⫺ isotope exchange keep the (  ¯␣ /  r) 2 values
rather constant. Obviously, the ‘‘polarizability function’’
¯␣ (r) 共which we did not find calculated in the literature兲,
keeps its slope (  ¯␣ /  r) rather constant over the range of our
r e variation. The only small trend we observe is the relative
Raman strength of OH⫺ and OD⫺ , which is higher for OD⫺
in LiF and decreases via NaF towards KF to nearly equal
strength. This latter case of KF is in fact illustrated in Figs.
9共c兲 and 9共d兲 by its measured OH⫺ and OD⫺ Raman spectra
in KF, emphasizing that the huge drop in IR absorption
strength 关Figs. 9共a兲 and 9共b兲兴 is totally absent in Raman.

IV. SUMMARY

Our spectra confirm that the OH⫺ and OD⫺ centers in
LiF, NaF, and KF are oriented along the 具 111典 axes of the
host crystal. The line shapes remain Lorentzian up to high
temperature, indicating that the impurities are well localized
in their wells. They orient themselves parallel with the direction in which a uniaxial pressure is applied.
Tunneling splittings of 1.2 cm⫺1 for LiF:OH⫺ and
0.7 cm⫺1 for KF:OH⫺ can be determined. The difference
between the linewidths of the A 1g and T 2g Raman spectra
sets an upper limit for the splitting in other hosts. In LiF the
spectra correspond very well with those predicted by a model
involving nearest-well tunneling. In KF the low-temperature
IR and Raman spectra show some anomalies, possibly
caused by impurities that do not participate in the tunneling
behavior and that are present even at very low concentrations.
The linewidths of the transitions could possibly be explained by assuming that they are lifetime related below 30
K. However, it is desirable to have an independent test of
this extremely short vibrational lifetime. At higher temperatures, the absorption and T 2g Raman lines are strongly
broadened by interaction with phonons. The A 1g Raman
bands are broadened less. We attributed the difference to the
presence of ‘‘isotropic’’ and ‘‘anisotropic’’ dephasing components. The latter are due to oscillations of the molecule
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around the 具 111典 axis, and do not contribute to the broadening of the A 1g line.
The temperature dependence of the SM frequency is considerably stronger than we estimated from both the dephasing effect and the thermal expansion of the lattice. It is likely
that short-range forces are fairly important for OH⫺ in the
alkali-fluorides, and that we underestimated the effect of
thermal expansion.
The variation of absorption intensity under host variation
and under OH⫺ ↔OD⫺ isotope substitution indicates a
strong electrical anharmonicity, in other words the second
derivative of the dipole moment is large. It is also concluded
that in the case of OD⫺ the dipole moment reaches a maximum 共or minimum兲 as a function of the equilibrium distance

in r e in KF and NaCl. The Raman cross sections show considerably less dependence on the host material and on isotope variation.
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