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Optical excitation of the two electronic absorption bands of F-center—CN ™ defect pairs in CsCl
creates a highly efficient electronic to vibrational (e-v) energy transfer process, characterized by
rapid nonradiative relaxation of the F electron in contrast to a slowly cascading sequence of
fluorescence transitions between the six lowest excited CN~ vibrational states. This behavior al-
lows, by pumping with the same laser beam, to both populate nonequilibrium CN~ vibrational
states and to probe their existence and physical properties by anti-Stokes resonance Raman
scattering. Experiments with this technique were performed, testing the temperature, wavelength,
and intensity dependence of the anti-Stokes Raman spectra and their polarization. Comparison
with the earlier vibrational emission results show close agreement for low-CN ~-doped crystals, but
pronounced differences for higher-doped crystals, in which vibrational (v-v) energy transfer from
the Fg(CN™) centers into the free CN~ defect system occurs. These results provide the basis for
using pulsed anti-Stokes Raman spectroscopy as a viable probe for our planned time-resolution
studies of the e-v and v-v transfer in these systems.
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I. INTRODUCTION

Besides being the simplest O, symmetry electronic de-
fect in ionic crystals, the F center (an electron bound to
an anion vacancy) is the most versatile and easily mov-
able “building block” which can be used for successful
association to other point defects. The various formed
“F aggregate centers” of reduced local symmetry,
changed wave functions, and electron-phonon coupling
still share as a common feature with their F-center ori-
gin highly efficient, spectrally broad, and Stokes-shifted
electronic emission bands. Several of these F aggregate
centers have gained significance as solid-state electronic
systems capable of tunable near-ir laser emission.

In view of the long history and great variety of atomic
defects as partners for F-center association it is amazing
that simple molecular defects, like CN~ or OH ™ ions,
have been employed for this purpose only very recently.
These new Fy,(CN~) or Fy(OH™) defect pairs"? pro-
duce under visible light excitation electron-vibrational
(e-v) energy transfer from the excited F electron into lo-
calized vibrational modes of the attached molecular ion.
The nature and strength of the e-v transfer process and
its effect on the radiative or nonradiative decay of the
excited F electron and on the vibrational excitation of
the attached molecule varies strongly with both host ma-
terial and molecule (CN~ or OH ™). Intense studies are
currently under way, with the aim to clarify and under-
stand the kinetics and physical mechanism of these e-v
coupling and transfer processes and their trend with
hosts and molecules. **

We apply in this work a new optical technique to the
best studied system,* which presently carries the greatest
potential for scientific insight and potential for laser ap-
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plication:® the F-center—CN~-molecule pair in CsCI

Figure 1 illustrates and summarizes the structural mod-
el, wave functions, electronic and CN ™~ vibrational levels
(in a common energy scale), and the considered transi-
tion and exchange processes of this defect pair. The
closest possible attachment [next-nearest neighbor
(NNN)] of the CN~ in a (100) direction splits the sin-
gle 1s —2p F-band transition into two absorptions Fy(1)
and Fy(2), polarized parallel and perpendicular to the
F-center—-CN ™ pair axis. Optical excitation in both of
these absorptions produces the same highly efficient en-
ergy transfer from the excited electron into vibrational
modes of the neighboring CN~ molecule. Though the
exact mechanism of these processes is not yet under-
stood, three important experimental consequences have
been established [Fig. 1(a)]: (i) rapid nonradiative relaxa-
tion of the excited electron into its ground state (dashed
line); this electronic decay is caused by (ii) e-v energy
transfer into the CN~ stretching mode (double-line ar-
row), creating a distribution of populations in the vari-
ous vibrational levels of the CN™ molecule. The distri-
bution is indicated schematically by a dotted block dia-
gram, showing that the maximum probability for energy
transfer occurs at ~1 eV into the v=4 state of the CN~
molecule. (iii) If “left alone” after this e-v transfer, the
CN ™~ excitations decay by a cascade of Av=1 vibrational
Sluorescence processes on a msec timescale between the
six lowest vibrational levels.>® This leads to a full vibra-
tional relaxation only after ~20 msec.

Different from all F and F aggregate centers in ionic
crystals, optical excitation of this Fy center creates a de-
fect with an excited electron which returns extremely

9247 ©1987 The American Physical Society



9248

quickly into the ground state, while its transferred ener-
gy persists for a much longer time period in highly excit-
ed states of localized vibrations of a neighboring CN ™~
molecule. This provides the basis for our planned exper-
iments, illustrated in Fig. 1(b). After the first excitation
cycle (a), a quickly repeated re-excitation of the F elec-
tron can create an anti-Stokes resonance Raman process
(b), which will reflect in the spectral structure and
strength of Av=1 transitions, the populations in the
various CN~ vibrational levels and the strength of the
Raman coupling between the F electron and these CN™
molecules. With the recent advance of ultrashort
visible-light laser sources, detectors, and time-delay tech-
niques, this Raman approach can become an ideal tool
for studying the short-time kinetics of the e-v transfer
processes in F-center—molecular-defect complexes in
ionic crystals—highly advantageously in time resolution
to ir vibrational fluorescence measurements.

II. EXPERIMENTAL TECHNIQUE
AND CRYSTAL SAMPLES

We used in our experiments the same beam of laser
radiation of wavelengths either at A=532, 575, or 650
nm, to simultaneously generate the nonequilibrium vi-
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FIG. 1. Structural model, electronic wave functions and
eigenstates, and CN~ vibrational levels of Fy(CN™) defect
pairs in CsCl, plotted in a common energy scale for two types
of transition processes: (a) electronic Fy(1) and Fy(2) absorp-
tions, producing e-v transfer and subsequent Av=1 fluores-
cence transitions among the six lowest CN~ vibrational states;
and (b) anti-Stokes resonance Raman process of an Fj center
in the v=4 CN~ vibrational state [excited in its electronic
Fy(2) absorption].
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brational CN~ population through the excitation of the
Fy center electron [Fig. 1(a)], and for exciting in situ 90°
resonance Raman scattering [Fig. 1(b)]. The 532-nm ra-
diation is generated in 60-ps pulses from the second har-
monic of a cw mode-locked yttrium aluminum garnet
(YAG) laser, while 575- and 650-nm radiation is pro-
duced, in 3-ps pulses, by Rhodamin 6G and DCM dye
lasers, synchronously pumped by the frequency-doubled
cw mode-locked YAG laser. The laser beam is focused
on the crystal into a channel of ~200 um diameter,
pumping a volume of ~2X107% cm’. For a time-
averaged pump power of 200 mW, each pulse (with re-
petition rate of 76 MHz) consisted of about 7 10° pho-
tons, thus creating in the crystal an average photon flux
of 5.3x 10" photons/sec. The anti-Stokes Raman scat-
tered light was analyzed with a Spex double-grating
monochromator, S-20 photomultipiler, and a photon-
counting system. The experimental data were taken by a
computer-controlled Raman system and at various tem-
peratures with the help of a Janis supervaritemp dewar
flask. The slit widths were chosen in such a way that
the spectral resolution was about 10 cm~!. The samples
of CsCl, containing 7X10™% and 6 10~ mole ratios of
CN~, were grown by the Bridgeman technique in the
Utah Crystal Growth Laboratory. The properly cut and
polished samples were quenched from T =250°C (to re-
move unwanted F aggregate centers) and carefully
transferred in the dark at room temperature into the
dewar flask. At T=170 K the F centers were aggregat-
ed into Fy(CN ™) by exposure of the crystal to flashlight
for about 15 min.

III. EXPERIMENTAL DATA AND DISCUSSION

All measurements reported in Figs. 2-4 refer to
F(CN ™) defects in CsCl crystals doped with rather low
(7 10~*) CN~ concentration. Figure 2(a) shows anti-
Stokes Raman spectra measured at 20 K under pumping
at two different laser wavelengths A=532 and 575 nm.
We observe that the intensity of the Raman signal in-
creases by about one order of magnitude when changing
the pumping wavelength from 532 to 575 nm. As 532
nm lies at the high energy tail and 575 nm close to the
maximum of the Fj(2) absorption band, the observed
signal increase is a combination of rising absorption (i.e.,
pumping) strength and resonance enhancement of the
Raman effect, both expected to peak at the Fj(2) band
maximum. As Fig. 2(a) shows, the relative intensity
among the six anti-Stokes Raman peaks changes very lit-
tle with different laser excitation.

Comparison of these Raman spectra with the vibra-
tional emission spectra’ [Fig. 2(b)], shows an amazingly
good coincidence in the spectral position of the six well-
defined lines observed with the two techniques. As the
almost-equal line separation of ~25 cm™! corresponds
to the anharmonicity shift among the CN~ oscillator
states, we interpret the six lines as the Av=1 Raman and
ir transitions among the seven lowest-energy CN ™~ vibra-
tional states (v =0-6), as indicated by dashed lines in
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Fig. 2. The relative intensity of the six observed lines
reflects the population obtained under optical pumping
in the different CN~ states. Both ir (Refs. 5-7) and the
new Raman data show clearly that the strongest e-v
transfer takes place into the v=4 state and creates the
highest population in this state [as schematically illus-
trated in Fig. 1(a)]. The slight difference in the relative
intensity variation among the six lines between the Ra-
man and ir data is caused by very different pump rates
used in both techniques and by special phase effects from
the chopped light lock-in amplifier detection method
used in the ir experiment. The anti-Stokes Raman mea-
surements are free from this, and therefore reflect by the
relative intensity of the six lines directly the relative pop-
ulation of the excited CN~ states.

The most pronounced difference between the ir and
Raman data in Fig. 2 is the appearance of two extra ir
lines of the high-energy end of the spectrum. These lines
originate from the v =2—1 and 1—0 transitions of iso-
lated CN~ defects, which have about 11 cm™! higher
energy compared to the corresponding CN ™ transitions
in the F; complex.’ For any reasonably high CN~ con-
centration, CN™ excitations in an Fy center complex
can transfer—with the help of thermal activation—the
vibrational energy into the abundant isolated CN~ de-
fect system (particularly at the lower v levels, which
better match in energy), and appear as isolated CN~ de-
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FIG. 2. Comparison of Raman and ir emission processes for
Fy(CN™) centers in low-doped CsCl with 7x10~* CN~. (a)
Anti-Stokes Raman spectra obtained at 7=20 K under A=532
and 575-nm excitation. (b) Vibrational emission spectrum, ob-
tained at 7=15 K under A=647 nm excitation.
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fect vibrational emission. Though the same v-v transfer
process should occur in the optical pumping cycle
preceding the Raman experiment, they should not ap-
pear under Fy center reexcitation as a resonance anti-
Stokes Raman response. We see indeed in Fig. 1(a), that
under A=575 nm excitation in the maximum of the
Fy(2) absorption, no trace of this isolated CN~ defect
signal shows up. In the (ten times weaker) resonance
Raman spectrum excited at 532 nm, however, a small
signal of the “free” CN~ 1—0 transition is detectable.
Two interpretations for this behavior are possible.

(a) The isolated CN ~ defects, excited by the Fy center
pumping cycle and v-v energy transfer, appear in our
measurements as a weak off-resonance anti-Stokes Ra-
man signal.

(b) 532 nm lies on the high-energy side of the Fy(2)
band in a spectral range, where higher electronic absorp-
tion transitions (“K band”) (Ref. 8) overlap the Fy(2)
band in absorption. Tuning the excitation into this
range produces in pure F centers pronounced spectral
changes in the normal first-order resonance Raman
scattering’ which can be explained by the diffuse nature
of the higher excited states.'® In our case these may
couple to CN~ defects, which are neither totally at-
tached to or isolated from the F center, but are located
in its very close neighborhood.

The measurement in Fig. 3 sheds more light on this
open question. We measured here, for the same crystal
as used in Fig. 2, the temperature variation of the anti-
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FIG. 3. Temperature dependence of anti-Stokes Raman

spectra, obtained under 532-nm excitation of Fy(CN ™) centers
in CsCl with 7 10~* CN .
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Stokes Raman spectrum under A=532 nm excitation.
As the temperature increases, firstly the six CN~ Raman
lines of the Fy(CN ™) complex reduce gradually in inten-
sity, with more reduction in the transitions between the
high compared to the low vibrational levels. Secondly,
the very weak v =1—0 signal of the ‘“free” CN~ in-
creases appreciably with temperature. Both observations
are in agreement with the ir emission results.’ They
show that thermally activated v-v energy transfer into
the “free” CN~ system becomes more efficient with in-
creasing temperature, and is observable with the anti-
Stokes Raman technique too. However, we can not yet
decide from these results which of the above interpreta-
tions (a) or (b) for an off- or on-resonance Raman effect
is the valid one.

In Fig. 4 we show for the same crystal under A=575
nm excitation how the intensity of the six F;(CN ™) Ra-
man transitions change under variation of the average
laser power. This is interesting because the anti-Stokes
Raman effect is based on rwo laser excitation processes:
pumping to create an excited CN~ population [Fig. 1(a)]
and probing for its Raman response [Fig. 1(b)]—both of
them in principle linearly depending on the laser intensi-
ty. In practice, however, two experimental behaviors
can be expected, depending on the question if the aver-
age time Az, between successive excitations of the same
Fy(CN™) center is long or short compared to the CN ™~
vibrational relaxation time 7, in the Fz(CN ™) complex.

(a) If At,,. > T, the achieved excited CN~ population
(and the Raman response as well), depends linearly on
the pump intensity, we expect quadratic dependence of
the Raman intensity on the pump power.

(b) If At <7, the achieved excited CN~ population
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FIG. 4. Anti-Stokes Raman intensity of the five Av=1 tran-
sitions as a function of averaged laser power in a double loga-
rithmic plot, obtained at 20 K under A=575 nm excitation.
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will essentially be (and remain) saturated, and we expect
a linear dependence based only on the linear intensity
dependence of the Raman response.

Our obtained results in Fig. 4 are very clear: the
lower level transitions (1—0, 2—1, 3—2) show within
experimental accuracy a strictly linear dependence
I <« P'°, while the higher transitions (4—3, 5—4) show
a slightly higher (I «P'?) power-law dependence.
These results are well understandable: For our used Fy
center concentration of ~5x10'® cm™® we estimate
(based on the average photon flux and illuminated crys-
tal volume mentioned in Sec. II) for the 20-200-mW
power range of Fig. 4 average values of At in the
1072-10"-msec range. For the lower CN~ vibrational
levels this Az, is much smaller than 7, (=~ 10 msec), so
that total population saturation and a linear dependence
is expected. For the higher levels the relaxation time de-
creases into the 1-msec range,’ so that minor depopula-
tion between optical pump and probing excitation can
occur. This produces the slightly higher than linear
dependence which we observe in Fig. 4.

In Fig. 5 we make an important change, increasing the
concentration of free CN~ defects by about one order of
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magnitude (to 6 X 103 mol parts), but keeping the con-
centration of Fy(CN ™) complexes the same compared to
the earlier measurements (~3X107°). This variation
should cause a strong increase in the efficiency of vibra-
tional energy v-v transfer from excited Fy(CN™) com-
plexes into the isolated CN~ defect system. We com-
pare again (like in Fig. 2) vibrational emission’ and anti-
Stokes Raman spectra in this high CN~ doped crystal,
both excited around the Fy(2) band maximum and mea-
sured at two low temperatures. The difference between
the spectral results of the two techniques is very pro-
nounced: In vibrational emission (measured only up to
the 5—4 transition) a strong v-v transfer from the Fj
center into isolated CN~ defects appears already at 15
K, and increases strongly—by thermal activation—at
50 K. In contrast to this, our anti-Stokes Raman mea-
surements show at 20 K exactly the same six-line spec-
trum of the Fy(CN ™) transition as observed in the low-
CN™ doped crystal (Fig. 2) with no trace of any isolated
CN~ transition. Temperature increase to 50 K, which
strongly increases the v-v transfer, makes only a tiny sig-
nal of the free CN~ v =1—0 transition observable.
Evidently, for high CN~ concentrations with strong
v-v transfer efficiency, ir emission and anti-Stokes Raman
measurements yield very different spectral results and
physical informations: In the ir technique CN~ vibra-
tional emission occurring in either the Fy complex or
isolated CN~ defect appears with equal strength and
cannot be separated. In the Raman technique the ex-
istent two types of transitions become nearly totally
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separated in strength by resonance Raman enhancement
for the Fy complex compared to an extremely weak —
most likely off-resonance—Raman response of the iso-
lated CN~ defects.

Polarization of Raman scattering is not easy to obtain
in CsCl. Due to the fact that this material performs a
NaCl—CsCl structural phase transition at 554 °C, the
growth from the melt rarely yields single-crystal sam-
ples; additionally, the absence of cleaving along (100)
planes makes it hard to identify crystal orientations.
For the high-CN ~-doped crystal, we achieved by x-ray
diffraction an approximate single crystal with the (100)
direction defined within 9°. Figure 6 illustrates experi-
mental geometry for this crystal with the (perpendicular)
propagation vectors K of the incident and scattered light
along {100) directions of the crystal. The three orienta-
tions (a), (b), and (c) of the F-center—CN ™ pairs, present
in equal amounts along the three {100) directions, are
schematically illustrated too. Our use of A=575 nm
light excites only the Fy(2) transitions perpendicular to
the center axis so that x polarized light will only excite
centers (a) and (b) in Fig. 6. Stretching vibrations of the
CN ™ neighbors with fixed orientations along the (100)
pair axis do not change the symmetry of the defect: We
therefore expect to observe anti-Stokes Raman scattering
essentially polarized only parallel to the incident light.
The experimental result shown in Fig. 6 confirms this ex-
pectation within the accuracy of crystal orientation.

In final experiments at 20 K with the high-CN~-
doped crystal, we used for the first time A=650 nm
pump light, exciting the Fy(1) absorption transition
parallel to the pair axis. Comparing the Raman spectra
with the ones obtained under 532- and 650-nm excitation
(perpendicular to the pair axis) yielded the following re-
sults.

(a) All three excitations produce Raman spectra with
equal spectral positions and relative strength variation of
the six lines. This is in agreement with the ir emission
results’ and thus confirm that in both Fy(1) and F(2)
excitation cycles the same e-v transfer and creation of
population distribution in the excited CN~ vibrational
states occurs.

(b) In spite of considerably lower absorption strength
at 650 nm compared to 575 nm, both excitations pro-
duce Raman spectra of about equal strength. This indi-
cates that the Raman coupling between the excited elec-
tronic p state and vibrational CN™ state is stronger
when both lie parallel [Fy(1) band] compared to the per-
pendicular Fy(2) case [see Fig. 1(a)].

(c) Experiments with (100) polarized A =650 nm light
yields the same result (I, , >>1I,) as obtained for A=575
nm excitation and illustrated in Fig. 6. As x-polarized
light of the electronic transition parallel to the pair axis
will only excite the pair orientation Fig. 6(c), we should
again—for the same arguments as given above—observe
Raman scattering polarized only parallel to the incident
light polarization.

The most pronounced difference occurs under A =532
nm excitation when comparing crystals with low
(7% 10~*) and high (6 10~%) CN~ concentration but
equal concentrations of Fy(CN ™) pairs. While in the
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low-doped crystal only a very small Raman signal at
—2080 from free CN ™ defects are observable [Fig. 2(a)],
the strength of this signal—relative to the Fy(CN7™)
spectrum—increases by at least a factor of 20 in the
high-CN ~-doped crystal (the spectrum is not shown
here). This confirms again—like ir emission results’—
that the 2080-cm' signal is produced from excited CN~
molecules in the Fy(CN ™) pair by v-v energy transfer
into the free CN~ molecule system, which should vastly
increase in efficiency with CN ™~ concentration. Howev-
er, we can not yet decide if we are dealing with off-
resonance Raman response of the totally free CN~ de-
fects, or with resonance Raman response of CN~ defects
in closer distance around the Fy(CN ™) center, Raman-
coupled to the latter by more diffuse electronic excited
states of the F center.

We regard this work as a first step and secure basis for
new experimental approaches which are under way now
to clarify the most interesting open questions. Instead of
using the same laser-pulse for pumping and probing we
will use spectrally different laser pulses of variable time
delay for the two processes. The spectral separation will
allow us to distinguish an off-resonance from a resonance
scattering mechanism for the free CN~ defects. Most
importantly, the time delay between pump and probe
pulse will allow us to determine with about 5 psec reso-
lution the time scale for the two fundamental processes
discussed: e-v energy transfer inside the F;(CN ™) pair
and v-v energy transfer from the excited F,(CN ™) pair
into the free CN ™ defect system.
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An obvious question must still be answered: Why did
we not measure the corresponding Raman spectra on the
Stokes side of the spectrum, which should reveal by
Av=1 upward transitions the population of all excited
CN™ states relative to the v=0 ground state? The
answer is simple but disturbing: Experiments involving
both low- and high-CN ~-doped crystals showed under
excitation with all three wavelengths an extremely in-
tense background signal on the Stokes side (about 10*
times higher than the anti-Stokes Raman response). It
consists of a very broad unstructured spectrum with a
peak Stokes-shifted about 2500 cm ! from the laser line,
totally burying the expected sharp line Raman spectrum
of the CN~ vibrations. The physical properties (like
dependence on temperature, time-delay, excitation wave-
length and intensity, etc.) are under present study to
identify the origin and clarify the nature of this interest-
ing but unknown Stokes signal.
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