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With a pump-probe laser-induced transparency technique the ground-state recovery of the F
center in hydrogenated NaBr is measured. For a random distribution of F' and substitutional hydro-
gen (H; ) centers a nonexponential F-center relaxation is observed, faster than the one in undoped
crystals. The aggregation of F' and H centers by subsequent optical bleachings is monitored by
means of resonant Raman scattering. The corresponding relaxation measurements reveal three de-
cay components, which we associate with the formation of Fy(H,) and Fy2(H; ) centers and to
the remaining F' centers. The relaxation time of the Fy(H; ) center is established to be ~290 ps,
which is 20 times faster than the one of the pure F' center. An estimate of the decay rate assuming
dipole-dipole coupling between the F-center electron and the H; vibration shows that this inter-
action may play an important role in reducing the lifetime of the excited F center. The frequency
shift of the hydrogen vibration of the Fz(H; ) center with respect to the one of the H, centers can
not be explained by dipole-dipole coupling only. This is possibly related to a displacement of the
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H, equilibrium position of the Fy(H; ) center, away from the lattice site.

I. INTRODUCTION

After optical excitation of the F' center in alkali halides,
its relaxation to the electronic ground state can be either
radiative or nonradiative. In NaBr, Nal, and the lithium
halides the luminescence is quenched by a fast radiation-
less process intrinsic to the pure F' center. The poor or
zero emission efficiency in these cases is empirically well
predicted by the Dexter-Klick-Russel (DKR) criterion.?
The nature of the nonradiative relaxation process, re-
sponsible for the luminescence quenching, has been the
subject of many experimental and theoretical studies.?

The electronic decay of the F' center may be influenced
by the presence of impurities, causing extrinsic quenching
of the luminescence due to energy transfer to the impu-
rity. Transfer of the F-center energy to electronic energy
of the F, center has been reported for KC1.° F-center
luminescence quenching has also been observed in OH™
and CN~ doped alkali halides.®™® In the latter cases, the
electronic energy of the F' center is transferred to the in-
ternal vibration of the molecular ion. This process has
been studied by transient absorption, emission efficiency
measurements, and anti-Stokes resonant Raman scatter-
ing. In the case of OH™ it has been observed both for
randomly distributed F' centers and impurities, and for
the Fg(OH™) aggregate center.>!? In the CN™ case, en-
ergy transfer has only been reported for the Fg(CN™)
center and is most clearly demonstrated by observation
of vibrational luminescence of the CN™ stretching mode
after electronic excitation of the F' center.!! Theoretical
calculations of the electronic transition rate from the re-
laxed excited state (RES) in thermal equilibrium have
been fitted to the experimental data and a different na-
ture of the energy transfer for the two impurities has
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been proposed. Whereas the energy transfer to CN™
was attributed to the accepting character of the molecu-
lar vibration,® the OH™ stretching mode would act as a
promoting mode due to its dipole-dipole coupling to the
F-center transition.®

In contrast, the presence of substitutional alkali or hy-
drogen (H ) impurities has only a small influence on
the emission lifetime of the F' center in KC1.}2 In hydro-
genated NaBr an emission band at 1.65 pum was tenta-
tively assigned to the Fyg(H, ) center.® The creation and
symmetry of the Fy(H, ) center in the alkali chlorides
has been studied with polarized Raman scattering of the
H; vibrations,!® demonstrating the (110) position of the
H; ion with respect to the F' center. The presence of the
F center splits the threefold-degenerate hydrogen vibra-
tion of the unperturbed H, center. The magnitude of
their frequency shift with respect to the vibrational fre-
quency of the isolated impurity can be explained within
20% by dipole-dipole interaction between the F-center
electron and the H, displacement.

This paper studies the influence of H, impurities on
the radiationless electronic relaxation of the F' center in
NaBr by means of a picosecond pump-probe laser tech-
nique for induced transparency.!* After the experimental
details in Sec. II, optical absorption and Raman mea-
surements are used to monitor the defect content and
aggregation after each hydrogenation and light-bleaching
procedure (Sec. III). The structure and vibrational prop-
erties of the observed defect centers are further charac-
terized in Sec. IV. Section V presents the time-resolved
measurements. The possibility of energy transfer from
the F' center to the H, impurity is discussed in Sec. VI
on the basis of theoretical expressions for the relaxation
rate and the shape of the decay curve. Final remarks and
conclusions are found in Sec. VII.
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II. EXPERIMENTAL DETAILS

Crystals of ultrapure NaBr were grown by the Crystal
Growth Laboratory of the University of Utah, and Har-
shaw Chemical Co. Because of their hygroscopicity, the
crystals were always stored and handled under dry N,
atmosphere. Substitutional hydrogen (H ) doping was
performed with the technique of simultaneous additive
coloration and hydrogenation. An apparatus was built
very similar to that of Kondo et al.,'® using steel with a
low carbon content and nickel for the crystal container.
Pieces of NaBr of maximum 2 mm thickness were hy-
drogenated for 3—4 days at 600 or 625°C and at a H,
pressure of 6 bars. Afterwards, the samples were slowly
cooled to 200 °C to remove the F' centers from the crystal
and subsequently quenched to room temperature (RT).
A long baffle, filling almost the entire lower-temperature
part of the heat pipe, was used to prevent sodium hy-
dride formation. The latter would make long treatments
inefficient, due to a drop in Na vapor pressure.!®> We did
not use treatments longer than 4 days because damage
to the crystal increases with hydrogenation time. After
hydrogenation the samples were cleaved to a thickness
of ~1 mm. F centers were created by x-ray irradiation
of the hydrogenated samples at room temperature with
a Siemens tungsten x-ray tube, operating at 50 kV and
30 mA. Aggregation of F' centers and H, impurities was
obtained by exposing the samples to 514.5-nm light from
an Art laser at 250 K. A 150-mW laser beam was ex-
panded by a lens to cover the entire sample.

The effect of each treatment on the NaBr crystals
was monitored by means of optical absorption (CARY
05) and Raman scattering (SPEX double monochroma-
tor). The Raman measurements were performed under
514.5-nm Ar™-laser excitation and under 580-nm excita-
tion from a Rhodamine 6G dye laser. Both wavelengths
are resonant with the F-; F~-) and Fy(H, )-absorption
bands (Fig. 1). The pump-probe setup for picosecond
time-resolved measurements has been described in detail
in Ref. 14. The pump and probe pulses originated from
one Rhodamine 6G dye laser, synchronously pumped by
a mode-locked Ar* laser. The pump beam is blocked by
an analyzer after interaction in the sample by using or-
thogonal polarizations for the pump and probe beams.!4
The optical delay stage covers approximately 2 ns and
the time resolution is 7 ps.

III. CHARACTERIZATION OF THE SAMPLES
A. H; concentration and distribution

In the process of simultaneous additive coloration and
hydrogenation the pressures of the hydrogen and the al-
kali vapor determine the equilibrium hydrogen content of
the crystal surfaces. The penetration depth of the hydro-
gen into the crystal depends on the crystal temperature
and is proportional to the square root of the hydrogena-
tion time.!® In our setup the sample and the alkali metal
were at almost equal temperatures. The hydrogen dis-
tribution over the crystal was checked by observing the

spatial dependence of the Raman intensity of the over-
tone of the H_" localized vibration relative to the second-
order phonon band. A 5 x 5 x 20-mm?>-sized sample,
which turned out to be much larger than the penetration
depth, was hydrogenated for 5 days at 600°C under 7
atm Hj pressure. The exposed regions at the long ends
of the sample were cleaved off, and the crystal was used
for Raman measurements. The excitation beam was po-
sitioned parallel to the long axis of the crystal. This way,
the Raman measurements do not average for different
concentrations. A hydrogen concentration linearly de-
creasing with depth was observed (cf. Ref. 16). It fell to
zero at 1.2 mm below the surface. Therefore the thick-
ness of the hydrogenated crystals should be limited to
about this value to guarantee a homogeneous concentra-
tion. For practical reasons we had to use crystals of about
2 mm thickness. As such, a considerable inhomogeneity
of the hydrogen concentration can be expected.

The hydrogen concentration was also estimated from
the UV absorption of the H center (5.97 eV at RT). Us-
ing a common absorption spectrometer, this yields only
an average over the whole depth of the crystal. At the
H, concentrations used in our experiments, the optical
density of this absorption peak is far too high for mea-
surement. Also, the absorption band overlaps with the
UV absorption of the host crystal. Thus only the long-
wavelength tail of the band is known. We estimated the
hydrogen concentration by comparing this tail with the
absorption of a sample with a relatively low hydrogen
content. The concentration in this last sample was cal-
culated using the formula of Smakula.? In this way aver-
age hydrogen concentrations in the range 10'7~10'° cm—3
were estimated. Although this procedure does not pro-
vide accurate quantitative information on the H, concen-
tration, it enabled us to classify the crystals according to
their relative H, content.

B. F-center production

The x-ray irradiation of hydrogenated NaBr results in
an efficient formation of F' centers. Thereby, interstitial
hydrogen impurities (H; ) are formed, which combine!®
at sufficiently high temperatures to interstitial Hy. It
was observed that when crystals were x-ray irradiated at
100 K the F' centers are optically unstable even at low
temperature, probably due to recombination of the F
center and the interstitial hydrogen. Irradiating the sam-
ples above 200 K, the initial F-center concentration de-
creased immediately with 20%, when they were exposed
to visible light at 10 K. Afterwards the concentration re-
mained stable. A typical x-ray-irradiation time of 15 s at
30 mA and 50 kV resulted in average F' concentrations of
~ 5 x 10'® cm~3, as was established by means of optical
absorption. Concentration effects on the F-center relax-
ation have been clearly observed!® in the same samples
at average concentrations above about 2 x 107 cm™3.
By limiting the F-center concentration, we avoided this
effect.

The above mentioned 5 x 5 x 20-mm3-sized crystal was
used to check the spatial distribution of F centers in hy-
drogenated samples. A slice was cleaved from it, per-
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pendicularly to the long axis of the sample, and x-ray
irradiated along the direction of the original long axis.
The F-center absorption strength was measured at dif-
ferent positions with a focused Rhodamine-6G dye laser
beam at 580 nm. It was found that the F-center con-
centration is proportional to the hydrogen concentration,
except in the region of the sample deeper than the hy-
drogen penetration depth. Here, a small amount of F
centers (~ 10 cm™3) is created by the hydrogenation
procedure itself, in spite of the slow cooling at the end.

C. Optical aggregation of F and H centers

Optical excitation of the F-center absorption band
near 250 K is known to result in the aggregation of the F'
center to other defect centers in the crystal. Considering
the purity of the starting material and the high concen-
tration of H with respect to the concentration of F' cen-
ters, interstitial Hy, and H; , an F light bleaching most
likely creates an F' center associated with one H_, called
an Fg(H ) center. F — Fy(H, ) conversion is expected
to shift and broaden the absorption band only slightly.3
In contrast, resonant Raman scattering is more sensitive:
Because of resonant enhancement and the breaking of in-
version symmetry, the fundamental H, vibration is only
Raman active in the vicinity of an F' center. As such, one
expects to observe after light bleaching localized modes
near 498 cm ™!, the ir mode of the unperturbed H; center
in NaBr.20

A sample was hydrogenated at 600°C and x-ray ir-
radiated for 15 s, resulting in average H; and F-center
concentrations of 1 x 10'® cm™3 and 3.5 x 10'® cm™3,
respectively. We performed on this sample subsequent
light bleachings and monitored the aggregation at each
stage by means of optical absorption and resonant Ra-
man scattering. These measurements are presented in
Figs. 1 and 2.

Before bleaching, the observed absorption is the same
as that of the unperturbed F center. The F-absorption
band has its maximum at 2.37 eV; its width is 0.30 eV.
No broadening of the F' band due to the presence of H
impurities was seen. Also, the resonant Raman spectrum
exhibits the typical features of the F' center in NaBr:2!
Beside the broad phonon bands, it consists of a pair of
intense narrow resonances at 137 cm~! and 149 cm™!.
No signal of a H; mode was found after x-ray irradiation.
The first-order modes are symmetry forbidden, and the
second-order modes are too weak in comparison to the F-
center background. Before conversion, only the 137-cm™?
and 149-cm™! modes of the F center itself are visible.

After bleaching, the absorption band broadens and
shifts approximately 0.04 eV to lower energies (Fig. 1)
and the integrated absorption strength decreases. Since
F,4 and Fpy centers are known to have essentially the
same oscillator strength as the F center, part of the
F centers must have been destroyed by migration to
the crystal surfaces or, more probably, by recombination
with interstitial hydrogen.'® Optical aggregation could
result in the formation of F, centers, but no F, band
is observed. Figure 2 shows the Raman spectrum of
the narrow resonances and their evolution under step-
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FIG. 1. Absorption spectra of hydrogenated NaBr

(10*® cm™* of hydrogen) at 10 K showing the F band be-
fore optical aggregation (solid curve), the superposition of
the F, Fy, and Fy, absorption after a 20-min light bleaching
at 250 K (dashed curve), and the Fyg contribution after opti-
cal aggregation and subtraction of the F-center contribution
(dotted curve). The spectra are normalized to the integrated
absorption.

wise bleaching. The shift of the F-center resonance due
to aggregation with an impurity is commonly observed
for F4 centers.2? It can be used to monitor how far the
conversion of F' centers to aggregate centers has pro-
ceeded. In the first phase of bleaching, a mode arises at
132 cm ™!, and the signal at 149 cm~?! broadens to higher
frequencies. At the same time the localized hydrogen vi-
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FIG. 2. Raman spectra of the narrow resonances after step-
wise bleaching, recorded with 580-nm excitation at 10 K. The
average hydrogen concentration is 1 x 10'® ¢cm™2. The 0-min
spectrum is recorded on a different sample. Bleaching times
are (a) 0 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 20 min,
(f) 40 min.
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FIG. 3. Time-resolved induced transparency measure-
ments under 580-nm excitation at 10 K, recorded after step-
wise bleaching. The decay curves should be compared with
the Raman spectra of Fig. 2, where also the corresponding
bleaching times are indicated. The spectrum labeled (a) is,
in this case, recorded on the same sample as the other spectra.
brations are most clearly observed in the 450-550 cm ™!
range (Fig. 5). We associate the 132-cm™? resonance, as
well as the hydrogen modes at 469 cm™!, 491 cm™! and
528 cm ™! to the Fg(H; )-center (see Sec. IV A). Longer
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FIG. 4. Raman spectra of the narrow resonances with a
resolution of 3 cm™! after a 20-min bleaching. The spectra
are recorded at different depths in a 1.36-mm-thick sample
with an average hydrogen concentration of 2 x 10'® cm™3.
The depth is indicated in mm, relative to the center of the
sample. The hydrogen concentration is 4 times lower in the
center of the crystal than at the surfaces. The dashed lines
mark the positions of the 129-cm™?, the 132-cm™?, and the
138-cm™! mode, which are associated with the Fyz(H; ), the
Fy(H; ), and the F centers, respectively.

light bleachings result in further qualitative changes of
the Raman spectrum, indicating that a second type of
center is formed. When the intensity of the 132-cm™!
resonance under 580-nm excitation reaches that of the
137-cm ™! resonance, a new one at 129 cm™! and a fur-
ther broadening in the 155-cm ™! range arise. This is ac-
companied by a broadening of the local hydrogen modes.
We identified this center as a combination of an F' center
with two hydrogen ions, the Fgo(H] ) center (Sec. IV B).
The optical conversion of the 137-cm™! resonance of the
F centers to the 132-cm™?! resonance is more efficient in
crystals with a higher hydrogen concentration. This ef-
fect is even more pronounced for the 129-cm~! resonance
and is illustrated in Fig. 4. A 1.5-mm-thick sample, hy-
drogenated at 600 °C and 7 atm for 3 days, with an av-
erage hydrogen concentration of 2.4 x 10'® cm~3, turned
out to have a 4 times lower hydrogen concentration in
the center of the crystal than at the surfaces. After a 20-
min light bleach, only the F-center resonance is observed
in the middle of the crystal. The closer to the surface,
the stronger the resonances of the aggregate centers are
observed. In the crystals in which the highest hydrogen
concentration was obtained, the two kinds of aggregates
are simultaneously formed after the shortest bleaching
times used. Also, after prolonged bleaching the Raman
peak extends from 129 cm~! to 160 cm™!, instead of
distinct resonances.

IV. CHARACTERIZATION OF THE DEFECTS

A. Structure and vibrational properties of the
Fg(H;) center

The observation of localized modes near 500 cm™! is

a clear indication for a hydrogen-related defect. When
the three hydrogen modes at 469 cm™!, 491 cm™!, and
528 cm ™! are optimally observed, also the 132-cm™! res-
onance is most prominent. Since it is the first center cre-
ated as a function of both bleaching time and hydrogen
concentration, we identify the aggregate center with the
132-cm™! resonance as the Fy(H ) center. Under the
most favorable conditions, i.e., after a 2- to 10-min light
bleach (Fig. 2), polarized Raman measurements were
recorded under 514.5-nm excitation for polarizations of
incident and scattered light along the (100) crystal axes
only (Fig. 5). The 469-cm~! mode is visible for both po-
larizations of the scattered light. The 528-cm™! and the
491-cm ™! modes are only observed, if the polarizations of
the incident and the detected light are parallel and per-
pendicular to each other, respectively. The weaker fea-
tures, which are most obvious for the (100) (100) scatter-
ing geometry, are due to higher-order Raman scattering
of the resonant modes and the phonon spectrum.

A model for the position and symmetry of the local
modes was presented in Ref. 13 for the Fy(H, ) center
in the alkali chlorides. The observation of a triplet of
hydrogen modes in NaBr is consistent with the C,, sym-
metry established in that work, which means that the H
impurity is positioned at a (110) site with respect to the
F center. By comparison of the polarization properties
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FIG. 5. Polarized Raman spectra of the hydrogen modes
of the Fy(H; ) center, in NaBr under 514-nm excitation.

with those reported earlier for the localized vibrations of
the Fy(H; ) center, the 469-cm™! mode is identified with
the H, vibration parallel to the (110) defect axis (vg).
The 491-cm™?! (1) and 528-cm™! (v.) vibrations are both
perpendicular to the defect axis. They are parallel to a
(001) and a (110) crystal axis, respectively (Fig. 6).

Assuming that the shift from the unperturbed vibra-
tional frequency is mainly caused by dipole-dipole inter-
action between the F-center electron and the H, dis-
placement, the frequency of the H, modes of the Fpy
center is given by!3

wo —Wa ge \’ 1 ii_a
wo 2meg ) mpwirt \ me wd B
2
€+ 2
X , 4.1
(%) (4)
wo—wp _ Wo—we _ lwo—wa , (4.2)
wo wo 2 wo

with wg = 498 cm™! the vibrational frequency of the
isolated hydrogen ion, € the effective charge of the ion,
mpy the H mass, r the F-center-H, distance, f and wp
the oscillator strength and the position of the F' band,
a_ the polarizability of the halogen ion, and € the high-
frequency dielectric constant of NaBr. Because of the
axial symmetry of the interaction, the vibrations per-
pendicular to the defect axis remain degenerate. They
are, however, split by the lower symmetry of the crystal
lattice, and the shifts of the neighboring ions and the H
itself. Applying Eq. (4.1) to the Fg center in NaBr gives,
for the frequencies of the hydrogen modes,

Ve = 479 cm™ !,

vp = U, = 489 cm ™!

The predicted magnitude of the shift of v, and the aver-
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FIG. 6. Hard-sphere model of the Fy(H; )-center structure
in the {001} symmetry plane. The dimensions apply to the
case of NaBr. The small size of the H ion allows it to relax
towards the F center. The arrows show the motion associated
with the H, vibrations at v, = 469 cm™!, vy = 491 cm™?,
and v. = 528 cm™!. The frequency of the unperturbed H; is
498 cm™*.

age shift of v, and v, deviates much more from the ex-
perimental value for NaBr than for the alkali chlorides.3
More important is the shift of v, to a higher frequency,
whereas Eq. (4.1) predicts a softening of the hydrogen
modes of the Fg center with respect to that of the un-
perturbed H; center. This shows that the dipole-dipole
coupling is not the dominating interaction determining
the frequency shift of the localized modes in NaBr.

The frequency increase of the localized vibration may
be caused by a displacement of the impurity ion from
the substitutional lattice position, as argued in Refs. 22
and 23. An extreme example is the shift of the Li* os-
cillation from 16.3 cm™! for KBr:Li* to 227 cm™! for
KBr:F4(Lit), due to the Li* displacement away from the
lattice site parallel to the defect axis in the latter case.
Figure 6 illustrates an analogous hard-sphere model for
the Fyg center. The H ion is allowed to relax, due to
the fact that an anion is missing at the F-center site,
until it touches the neighboring ions. The displacement
is directed most likely towards the F' center. The direc-
tion is opposite to the case of the F4 center, because
of the opposite charge of the impurity ion. The inward
relaxation of the nearest neighbors of the F' center is ne-
glected. Taking 1.46 A for the radius of the H, ion,2*
one concludes that the F-H separation is reduced by
the H, displacement to 89% , 88% , 86%, and 81% of
its original value for RbCl, KCl, NaCl, and NaBr, re-
spectively. At the same time, the deviation of Eq. (4.1)
from the experimental data increases going from RbCl
to NaBr.!® This suggests indeed that the displacement of
H; contributes strongly to the observed frequency shifts
in NaBr. In Ref. 24 a parameter is calculated for several
aggregate centers in the alkali halides, which is a measure
for the stabilization energy of the so-called “saddle-point
configuration.” For the Fy center this means that the
H, is positioned on a (110) direction between the two
anion vacancies, between which the F-center electron is
tunneling. It turns out that the reduction of the energy
barrier at the saddle-point configuration is the strongest
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in the order NaBr, NaCl, KCl, and RbCl. This is in
agreement with the conclusion that the H ion in NaBr
has the strongest displacement towards the saddle-point
configuration, i.e., towards the F' center.

The absorption features of the Fy center cannot be
derived directly from the absorption spectrum. The nar-
row resonances of the Raman spectrum (Fig. 2) show
that there is always a contribution of F' and/or Fy2 cen-
ters present. Assuming that at a particular excitation
wavelength the absorption strength of F and Fy centers
and the resonant Raman intensity of their resonances are
directly proportional to each other, the relative contribu-
tions of F' and a Fy centers to the absorption spectrum
are known and the F'-center contribution can be sub-
tracted. The Fy resonance is relatively more prominent
under 580-nm excitation than under 514-nm excitation,
since it is then more resonant with the Fg band. Still
we did use the 514-nm spectra to calculate the Fg ab-
sorption band, since the absorption at 580 nm is weak.
As long as there is no important Fy; contribution this
procedure leads to the same absorption features for the
Fy center, when it is applied to the corresponding Ra-
man and absorption spectra after different light bleaching
times. The Fy(H, ) band has its maximum at 2.32 eV
and a width of 0.38 eV (Fig. 1).

B. The Fya(H]) center

Considering the defect content of the samples, the 129-
cm~! resonant mode observed in the Raman spectrum
should be related to an aggregate center consisting of
F center(s) and hydrogen impurities. F-H aggrega-
tion evidently results in the recombination to an H cen-
ter at the conversion temperatures used.!® Also, in the
case of F-center aggregation with interstitial hydrogen
molecules, one expects localized vibrations in a frequency
range considerably higher than 500 cm™!. In contrast, we
observed only a perturbation of the hydrogen vibrations
of the Fy center. Previously, several modes at slightly
different frequencies were observed in KClI, joining the
three hydrogen vibrations of the Fy center after long
bleachings and at high hydrogen concentrations. They
were ascribed to aggregation of an F' center with a substi-
tutional hydrogen pair (Fp2 center) or even larger hydro-
gen clusters.'®!3 In our case only a washing out of the H;
modes is observed, possibly because the weak Raman in-
tensity of the hydrogen modes in NaBr renders measure-
ments with a higher resolution impossible. Another pos-
sibility is the formation of an H, center associated with
two F centers (Fpy center). Both Fy, and Fyy centers
have been studied in OH ™ -doped cesium halides.?5 It was
concluded there that F>g centers are only created when
F center concentrations are higher than or comparable to
the OH™ concentrations and that they are more alike to
F; centers than to Fy centers. A relatively low F-center
concentration was used and under no circumstances was
an absorption band found near 760 nm in our samples.
Instead, a redshift of the F-center absorption spectrum
is observed, when the 129-cm~! mode is most strongly
observed in the Raman spectrum. This slight redshift

of the absorption band is also reflected by the fact that
the relative Raman intensity of the 129-cm™—! mode with
respect to the Fy-center narrow resonance is larger un-
der 580-nm than under 514-nm excitation. Considering
also that the appearance of the 129-cm~! mode depends
more strongly on the hydrogen concentration than the
creation of the Fiy center does, the 129-cm~! resonance
most probably arises from the Fp, center, an F center
associated with a H, pair.

The Fp, formation can occur in two different ways.2®
(i) The F center is trapped by a H, pair statistically
present in the lattice. Although the concentration of the
pair centers is much smaller than that of the isolated
hydrogen impurities, the Fgs and Fgy centers may be
created in comparable concentrations, if the light bleach-
ing occurs selectively for F' and Fy centers by a proper
choice of the excitation wavelength or polarization. Since
the absorption band of the Fg and the Fy, center is un-
split and only slightly shifted from the F-center band,
the observed efficient Fyo-center formation may suggest
that it is optically more stable than the Fp center. (ii)
After optical excitation of the Fy center, the H ion
can exchange its position with the F' center. Afterward
the Fg center can be optically dissociated. When the
F center is retrapped at another H, impurity or at the
same one in another orientation, the same site-exchange
process can occur again. In this way the H, center is
mobile and pair centers which were initially not present
in the crystal, can be formed. The site-exchange pro-
cess is only effective if the energy barrier for the H; ion
is low enough at the saddle-point configuration. It was
already mentioned in the previous subsection that the
potential energy at the saddle point is strongly reduced
in NaBr with respect to the case of other host lattices.
It was even suggested that it could be the most stable
configuration for the electronic excited state in this host
lattice.2* Therefore, it would be interesting to compare
the formation efficiency of Fyo centers with other host
lattices.

V. EFFECT OF HYDROGEN IMPURITIES ON
F-CENTER RELAXATION

Figure 3 compares the time-resolved induced trans-
parency measurements on hydrogenated NaBr under 580-
nm excitation at 10 K after F' light bleachings of different
duration at 250 K. Three decay components are observed:
a slow nonexponential one mainly observed before light
bleaching, and two components with amplitudes that in-
crease with increasing bleaching time. One of the latter
two possesses a decay time of a few hundreds of picosec-
onds. The other one has a time constant close to the
time resolution of the experiment and is, at lower hy-
drogen concentrations, only clearly observed after long
light bleachings. Comparing their relative amplitudes
with those of the three narrow resonances observed in the
Raman spectra recorded under the same excitation wave-
length (Fig. 2), the decay components can be identified
with the ground-state recovery of the F center perturbed
by a random distribution of H, impurities, and of the
Fy(H; ) and Fy2(H, ) centers, respectively. Even before
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light bleaching the relaxation appears to be faster than
the 6-ns F-center relaxation observed in undoped NaBr.
Considering also that there is no evidence for other im-
purities than those mentioned above (cf. Sec. IV), one
concludes that the presence of H, impurities causes a
considerable decrease of the relaxation time of the F' cen-
ter.

For a quantitative analysis of the decay curves a sample
containing only one kind of color centers is desirable. In
Sec. III we pointed out that at low hydrogen concentra-
tions and short bleaching times the conversion to Fg(H;)
is insufficient, whereas after long light bleachings and at
high hydrogen concentrations Fy2(H, ) centers cannot be
avoided. The best compromise for selecting the Fy(H])
center turns out to be an average hydrogen concentra-
tion of about ~ 1 x 10'® cm™3 and a light bleaching
of 2-10 min (cf. Fig. 2). The unavoidable presence of
three different contributions to the relaxation measure-
ments is a very limiting constraint for retrieving decay
constants from a fitting procedure, especially for mea-
surements at higher temperatures. A large number of
variable parameters must be introduced. Moreover, the
nonexponential decay curve of the F' center perturbed by
a random distribution of H impurities is not known ac-
curately analytically (cf. Sec. VIA). One can make use of
the experimental decay measurement before light bleach-
ing to take into account the latter contribution. Using
the same sample, its contribution in a measurement after
conversion can be scaled by means of the amplitude at a
1.6-ns delay, since the contributions of the Fy(H, ) and
Fyo(H, ) centers decay much faster. After subtracting
the F-center contribution, the two components from the
aggregate centers remain (Fig. 7). These components are
found to be exponential with a decay time for the Fg cen-
ter of (290 + 30) ps and for the Fp center of (29+5) ps.

The temperature dependence of the relaxation before

T T T

|

TF Fu(Hg)+Fa(Hy)
[

0.1

INDUCED TRANSPARENCY

-jL 1 1
0 200 400

TIME DELAY (ps)

FIG. 7. Logarithmic plot of the Fg and the Fpg2 center
decays after two different bleaching times. The F-center con-
tribution has been subtracted (cf. text). The fast contribu-
tion of the Fy2 center (29 ps) has clearly enhanced after long
bleaching times with respect to that of the Fiy center (290 ps).

and after Fg formation was studied below 150 K. Higher
temperatures were not used to avoid possible bleaching
effects. At temperatures up to ~ 100 K, the observed de-
cay of both the F' and the F centers is clearly faster than
the lifetime of the RES of the F' center in pure NaBr, and
increases with temperature. The effect seems to become
small above 110 K for the F' center and 130 K for the
Fy center. This observation might indicate that above
these temperatures the lifetime of the RES is limited by
the ionization rate, as is the case for the unperturbed
F center.3* However, these measurements are difficult
to interpret, because it becomes increasingly difficult to
separate the Fy center, Fg, center, and F center decays
from each other and from the interference spike at zero
delay. Besides the relaxation component associated with
the lifetime of the RES, a second one has been established
for the F center in pure crystals at higher temperatures,
which has been related to the retrapping of conduction
electrons.* At 120 K a similar slow component is observed
in hydrogenated crystals, with a contribution to the to-
tal signal which is nearly 10 times smaller than the one
in pure samples at the same temperature. The difficulty
for a clear explanation for this apparent decrease of the
ionization efficiency is that the effect is the same before
and after F-Fy conversion and that the lifetime of the
RES seems to be limited by the ionization rate at these
temperatures.

VI. NATURE OF THE IMPURITY-INDUCED
RELAXATION

As was established for F4(I)-type centers, which oc-
cupy the “normal” substitutional configuration in the
RES, ionic impurities seem to have no essential effect
on the F-center relaxation.?® Also for the Fg(H, ) cen-
ter in KCl only a marginally smaller (radiative) lifetime
has been reported than for the unperturbed F center.!?
The lifetime of the RES of the F' center in NaBr, how-
ever, is limited by the nonradiative relaxation rate which
is extremely sensitive to the optical parameters. The
observed small changes in the emission energy of the
F4(I)-type centers, e.g., are sufficient to explain a re-
duction of 30 meV in the activation energy for the Fy
center in NaBr with respect to the unperturbed F center
[cf. Egs. (9)-(12) of Ref. 4]. A reduction of this magni-
tude is able to account for the RES lifetime of the Fg
center. Since already before F-H aggregation a con-
siderable effect on the relaxation curve is observed, one
should also be able to explain a reduced activation energy
when the F' center is further away from the H, impurity
than the (110) lattice position.

The perturbation of the F' center by an alkali impurity
resulting in the saddle-point configuration in the RES
[Fa(II)-type center] is known to change totally the prop-
erties of the RES.2¢ Consequently, a much larger effect
on the nonradiative relaxation rate would be expected
than the observed one, if the Fy center possesses the
latter configuration in the RES. This suggests that the
Fy(H; ) center in NaBr does not occupy the saddle-point
configuration in the RES, as was tentatively proposed in
Ref. 24.
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Beside these static impurity-induced effects on the non-
radiative decay, the impurity vibration can play an ac-
tive role in the reduction of the RES lifetime, as in the
case of molecular impurities.5 ! The observed electronic-
vibrational energy transfer was related to the large fre-
quency of the intramolecular stretching vibration. In the
following sections the possibility of energy transfer from
the F' center to the H, vibration will be investigated.
Electronic-electronic energy transfer may be excluded,
because our samples contain only F' centers, H, cen-
ters, and their aggregates, and because no electronic ab-
sorption band of these centers lies close to the F-center
emission band.

Two essentially different features of the electron-
phonon coupling may be responsible for the enhanced
nonradiative relaxation of the F-center electron to the
ground state: (i) A mode for which the electron-phonon
coupling possesses matrix elements between different
electronic states stimulates the electronic transition and
is called a promoting mode. This is assumed to be the
case for the stretching vibration of the OH™ impurity.®
In the harmonic approximation only one promoting-mode
quantum is absorbed or emitted. (ii) A mode for which
the electron-phonon coupling possesses matrix elements
between the same electronic state absorbs the excess en-
ergy after the transition to the ground electronic state
and is called an accepting mode. According to the avail-

able energy, a multiphonon transition occurs. This was
J

'p(t)=Aexp(—%—%§;Ni{l—eXP[‘ (%)m%]})

In Eq. (6.1) only the dominant interaction term is con-
sidered, with m = 6 for the dipole-dipole interaction,
m = 8 for the dipole-quadrupole interaction, m = 10
for the quadrupole-quadrupole interaction, etc. N; is the
number of possible sites for acceptors at distance r; from
the F' center, and C4 and N the concentration of the ac-
ceptors and anion sites, respectively. 7; is the relaxation
time for the smallest possible acceptor-donor separation
r1, i.e., for the Fy center. The linear term in the expo-
nent takes into account the intrinsic nonradiative relax-
ation of the F' center.

It should be realized that expression (6.1) is not lim-
ited to an (electric) promoting interaction between the
impurity vibration and the F-center electron. It can be
applied more generally, whenever the impurity-induced
relaxation rate depends as 771 ™ on the F-center—
impurity separation. As formula (6.1) is too complicated
for practical purposes, it is generally approximated by re-
placing the sum by a volume integral from 0 to co. The
discrete character of the lattice is then replaced by an
homogeneous acceptor density. This reduces Eq. (6.1) to

o= 0(-2)
X exp [—%Cﬂf r (1 - 7%) (Tiz) }

~ 7T

e

(6.2)

proposed for the CN ™~ stretching vibration.® The accept-
ing character of a mode is reflected in its Huang-Rhys
factor and a contribution to the broadening of the ab-
sorption spectrum. Before aggregation of the F' and H,
centers no effect on the F-center absorption is observed,
while the relaxation measurements are already consider-
ably affected by the presence of the hydrogen impurities.
Therefore, the accepting character of the H vibration
is probably rather small and not the main origin of the
faster nonradiative transition rate.

A. Shape of the decay curve

The vibration of the hydrogen ion induces an oscillat-
ing electric field, which couples to that of the excited
F-center electron. Often the dipole-dipole interaction
term is the most important one. In principle, the term of
the multipole expansion responsible for the nonradiative
transfer can be retrieved from the shape of the decay
curve for a random distribution of F' and H centers:
The typical dependence of the interaction strength on
the acceptor-donor separation is contained in the nonex-
ponential shape through the statistical average over all
possible configurations of F' and H; centers with respect
to each other. In the case of randomly distributed energy
donors (F centers) and acceptors (H, ) and a molar im-
purity concentration much smaller than 1, the time evo-
lution of the F-center relaxation can be expressed by?’

(6.1)

[

The experimental data were fitted to expression (6.2)
without success, even if 7 = 6 ns was used as a known
parameter. The fact that a fitting procedure on numer-
ically generated curves from Eq. (6.1) does not converge
either shows that the problem is technical rather than
physical. Fitting values could only be obtained when the
intrinsic F-center relaxation was neglected (19 = 00),
which results in values for m between 4.6 and 6 depend-
ing somewhat on the hydrogen concentration. Values for
m smaller than the one expected for dipole-dipole inter-
action indicate that the exponential factor in Eq. (6.2),
arising from the intrinsic F-center relaxation, has an im-
portant contribution to the shape of the decay curve.
This is also clear if one realizes from the relaxation of the
Fy center that at most two configurations of an F-center
and one H impurity give rise to a relaxation time shorter
than 6 ns. These configurations have a small probability
below 1 mol % impurity concentration. Apart from that,
the fitted curve was sharper at short delay times than
the experimental decay curve. The latter deviation is
due to the fact that no lower limit for the donor-acceptor
distance is assumed in (6.2), whereas the configuration
with the closest separation possesses a relaxation time
of 290 ps, which is well above the time resolution of the
experiment. This was verified by numerically generating
decay curves, using the summation (6.1) for m= 6, 8,
and 10 and fixing 79 and 7; to 6 ns and to 290 ps, respec-
tively. The shape of the decay curve looked quite similar
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in the three cases. Fitting the simulated decay curves
in the same way as the experimental ones (19 = o0),
comparable values of m were obtained for dipole-dipole,
dipole-quadrupole, and quadrupole-quadrupole interac-
tions. Similar results were obtained when an exponen-
tial dependence of the relaxation rate on the F-center—
impurity separation was assumed. This implies that no
conclusions can be drawn about the nature of the F-
H, interaction on the basis of the shape of the relax-
ation curves, due to the non-negligible interference of
the intrinsic F-center decay. Another result obtained
from the numerical simulations is that the average hy-
drogen concentration estimated in Sec. III is too low to
explain the observed ground-state recovery. A concen-
tration of 10'® cm~3 yields a minor deviation from the
intrinsic F-center relaxation, and it should be as high as
5x102° cm™3 to obtain a decay as fast as the observed
one. As pointed out in Sec. III an accurate quantita-
tive determination of the hydrogen concentration was not
possible. It was also demonstrated in that section that
the hydrogen distribution is not completely homogeneous
because of the limited penetration depth of the hydrogen
impurities. Since the F'-center production is proportional
to the hydrogen concentration, the relaxation measure-
ments probe preferentially the regions of the crystal with
the highest hydrogen concentration. These effects might
account for a factor of 10 between the average H, doping,
determined by absorption, and the local concentration
relevant for the time-resolved measurements. Coagula-
tion of impurities would affect the observations in the
same way. An experimental indication that the local hy-
drogen concentration is indeed of the order of 1 mol % is
that in some samples the Raman intensity of the Fg res-
onance is already about 10% of the F-center resonance
before optical aggregation (cf. Ref. 12).

B. Estimate of the energy-transfer rate

It has been demonstrated that the dipole-dipole cou-
pling between the F'-center electron and the H vibration
is the dominant one in the alkali chlorides in determining
the shift of the hydrogen vibrations due to the presence
of the F' center.!® This suggests to evaluate the effect of
the dipole-dipole coupling between the F' center and the
vibration of the H, impurity on the nonradiative relax-
ation. In Sec. IV A it was shown that for NaBr strong
deviations from the dipole-dipole model were observed.
These were, however, related to repulsive forces with the
nearest neighbors of the hydrogen ion and not to the in-
teraction with the F-center electron.

To estimate the nonradiative relaxation rate of the Fg
center, a transition between the states |¢e)|n¢(f))|0p> and

|¢g)|n¢(,g))]1p) is considered, in which |¢,) and |@.) are
the ground and excited electronic states of the F' cen-
ter, respectively. The electronic relaxation excites one
H, vibrational quantum |0,) — |[1,), which is assumed
to promote the transition due to dipole-dipole interac-

tion with the F-center electron. A thermal average over

the accepting-mode levels |n¢(,g )) in the electronic excited

state is performed, whereas the occupation number of the

accepting mode in the ground state is determined by en-

ergy conservation. In the limit of strong electron-phonon

coupling the nonradiative transition rate can be written
28

as

C? 27 E
-1 __ P _en _ A
T™NR = E A ‘/ kT exp ( kT*) , (6.3)

p=a,b,c

in which the contribution of all three hydrogen modes
with frequency vg, p,. is taken into account. The effective
temperature T* is defined by

* h“‘)a ﬁ‘*)a
kT* = 5 coth(2kT> s

(6.4)

with Eg the vibrational relaxation energy after optical
excitation (Fig. 8), F4 the activation energy, and w, the
accepting mode frequency.

The additional promoting interaction constant C for
the Fyg center, due to the dipole-dipole interaction, is

given by
_ 2
% = (ieees) ()
P 4megr3 2myw ’
0 HWp

with mpy the hydrogen mass and r the distance between
F center and the H; impurity. The promoting-mode
frequency w, is in this case the frequency of the H, vi-
bration. The effective charge € of the H ion is taken to
be 0.8 times the electron charge.?® The dipole moment
for the electronic transition of the F' center is calculated
from the radiative lifetime as in Ref. 13. The geometrical
factor 7, depends on the orientation of the two dipoles
with respect to each other. For a random orientation
the average value is?” 7, = (2/3)'/2. In our case the di-
rections of the dipole moment, induced by the hydrogen
vibrations, have a fixed orientation with respect to the

(6.5)

EXCITED STATE

ENERGY

GROUND STATE

—

CONFIGURATIONAL COORDINATE

FIG. 8. Configurational coordinate diagram for the ground
and the excited states appropriate to F' centers possessing in-
trinsic luminescence quenching. The figure shows the absorp-
tion energy (Eo), the configurational relaxation energy after
optical excitation (ERr), the crossover energy (Ex) from the
relaxed excited state (RES) to the crossover point (X), and
the emission energy (E.).
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defect axis of the Fg(H; ) center. For the vibration par-
allel to the defect axis one finds n, = (4/3)'/2 and for the
orthogonal vibrations 7. = (1/3)'/2. Expression (6.5)
should still be multiplied with the local-field correction
factor. Since one of the dipole moments is obtained from
the radiative lifetime, whereas the other one is calculated,
the appropriate correction factor is??

_5 nZ + 2 2
n 3 ,
with n the refractive index. Assuming that the separa-
tion between the F' center and the H; impurity is equal

to 21/2q, with a the cation-anion distance, the promoting
interaction constant (6.5) is equal to

(6.6)

C,=8cm !, Co,=43cm™!, C.=41cm™!

(6.7)

In Sec. IV A it was suggested that the F-H distance
is reduced to about 82%, which increases the previous
values to

C, =152 cm—l, C,="174 cm_l, C.=72cm™}

(6.8)

Clearly the calculated promoting interaction constants
(6.7) and (6.8) are of the same order of magnitude as the
C = 167 cm™! for the unperturbed F center, obtained by
fitting the relaxation measurements.? This already indi-
cates that the dipole-dipole coupling between the F and
H; center is competitive with the nonradiative relaxation
of the pure F' center in NaBr.
The activation energy E 4 in Eq. (6.3) is defined as

(Ee - h“’p)z

Ba= 4ER

(6.9)
When w,, is put equal to zero, the activation energy E 4
equals the crossover energy Ex, as was done in Ref. 4 in
the case of the pure F center. This is only adequate if
the promoting-mode energy is negligible compared to the
emission energy E.. A high promoting-mode frequency
effectively reduces the activation energy. As a result, the
exponential factor in Eq. (6.3) is enhanced by a factor
of ~ 10 in the case of the Fy center compared to the
case of the pure F center in NaBr. The contributions to
the nonradiative transition rate due to the three hydro-
gen modes and also the (smaller) intrinsic contribution
of the F center are added. Depending on whether or not
the proposed displacement of the H, is taken into ac-
count, this yields a RES lifetime of 500 or 1500 ps for
the Fy center in NaBr. The agreement with the ex-
perimental value of 290 ps is quite good, if one realizes
that the result is sensitive to relatively small shifts of
the H, position and to the local-field correction. It de-
pends also critically on the emission parameters and the
configurational relaxation energy, which were taken to be
the same as for the unperturbed F center.* Corrections
of this kind can have an important effect, as was already
mentioned in Sec. VI. A possible further mixing of the 2p-
and 2s-like states of the F' center increases the oscillator

strength and, as such, increases the dipole-dipole pro-
moting interaction. Changes of the configurational co-
ordinate diagram influence all terms in the nonradiative
transition rate in the same way, in particular also the one
involving the dipole-dipole promoting interaction. This
means that efficient energy transfer may occur, even if
static impurity-induced effects on the relaxation rate are
larger. This is true as long as the promoting interaction
associated with the impurity vibration (together with the
activation-energy reduction due to the promoting-mode
frequency) dominates the other promoting interactions of
the F' center.

For the Fy center in KCl both the interaction strength
and the increase of the exponential factor are comparable
to the case of NaBr. The nonradiative relaxation of the
F center in KCl, however, is many orders of magnitude
slower than the radiative decay, as is evident from the full
quantum efficiency for emission3%3! and from a theoreti-
cal estimate.? Therefore, an increase of the nonradiative
transition rate of one or two orders of magnitude does not
affect the RES lifetime of the F' center in KCl. This ex-
plains why experimentally only a minor effect is observed
when the F' center is perturbed by a H, impurity. The
situation is completely different for the OH™ impurity
in KCl. Although the promoting interaction constant is
about 10 times smaller due to the higher vibrational fre-
quency and the larger distance 7 [cf. Eq. (6.5)], the same
high promoting-mode frequency increases the exponen-
tial factor in Eq. (6.3) with a factor of 10'°, compared
to the case of the pure F' center. Total quenching of the
F-center luminescence can therefore be understood.

VII. CONCLUSIONS

We identified the optical absorption and resonant
Raman scattering properties of the F, Fg(H, ), and
Fy,(H,) centers in hydrogenated NaBr. The absorption
bands of the aggregate centers exhibit the usual slight
broadening and redshift with respect to the F band. The
most efficient way to probe the aggregation of the F cen-
ter with hydrogen impurities turned out to be the reso-
nant Raman scattering of the narrow resonances, which
possesses a clearly resolvable shift for the Fg and Fyo
centers with respect to the one of the F' center. The po-
larized Raman intensities of the three hydrogen modes of
the Fy center are consistent with the model established
before for this center in the alkali chlorides. In contrast to
the latter case, the frequency of the hydrogen vibration
with respect to the one of the unperturbed H cannot
be explained by dipole-dipole interaction between the F
center and the hydrogen vibration. Therefore, enhanced
repulsive forces with its neighbors were suggested, due
to a displacement of the H, equilibrium position from
the substitutional lattice site towards the F' center. The
displacement may be related to a lower-energy barrier at
the saddle-point configuration of the H ion, which in
turn might explain the observed efficient Fg, formation
in NaBr.

The presence of H, impurities in the crystal reduces
the RES lifetime of the F' center, even before aggrega-
tion. The information on the nature of the interaction
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responsible for this effect, is in principle contained in the
shape of the relaxation curve before F-center-H con-
version. This information is obscured mainly due to the
minimum transition rate (corresponding to the unper-
turbed F center), which is not negligible with respect to
the one of the closest F-center—hydrogen separation. As
a result, decay curves associated with a different sepa-
ration dependence of the defect-induced relaxation rate
give rise to a very similar shape. The time scale of the
relaxation is determined by the interaction strength and
the impurity concentration. The latter, however, is not
known accurately enough because of the inhomogeneity
of the impurity doping, so that this feature of the decay
curves cannot provide decisive arguments either. The use
of more homogeneously doped samples, grown from an al-
kali hydride doped melt, can possibly solve this problem.

The faster nonradiative relaxation for the Fy center
may be the result of small differences of the optical prop-
erties with respect to the unperturbed F' center. An es-
timate of the promoting interaction due to dipole-dipole
coupling between the F-center electron and the H, vi-
bration shows that this interaction, together with the
activation-energy reduction due to the promoting-mode
frequency, may dominate the promoting interaction of
the unperturbed F' center. This opens the possibility of
electronic-vibrational energy transfer. Although the ef-
fect is considerably smaller because of the much smaller

vibrational frequency, this process is the same as the one
proposed for OH™ -doped alkali halides. Measurements
on deuterated NaBr are indicated to confirm or reject
the possibility of energy transfer due to dipole-dipole in-
teraction.

Equation (6.3) predicts the relaxation rate for the Fy,
center to be about twice as fast as for the Fy center,
whereas experimentally it is 10 times faster. This might
be related to (relatively small) differences between the
features of the RES of the two centers and shows that
the dipole-dipole interaction is not the only effect playing
a role in the impurity-induced nonradiative relaxation.
Since the relaxation time of the Fyo center lies in the
region of the vibrational cooling, the observed relaxation
time is not necessarily limited by the electronic transi-
tion.
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