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Abstract. Association of F centres with CN™ molecular ions in CsBr forms Fy;(CN™) com-
plexes with electronic absorption bands at 1.78 eV (Fy(1)) and 1.94 eV (Fy(2)). Using
continuous-wave excitation in resonance with these absorptions, we studied Stokes and anti-
Stokes Raman scattering at low temperature to investigate the F-centre/CN~ coupling and
the recently observed electronic-vibrational energy transfer by which excited states of the
CN~ stretching mode become populated. Fyy(1) and Fyy(2) excited anti-Stokes spectra show
distinct differences in scattered intensity and number of Raman lines, suggesting different
coupling strengths and timescales for the corresponding transfer processes. The dependence
of the spectra on light polarisation, excitation power and sample temperature is studied and
discussed with regard to defect symmetry and relative population of states. The quadratic
dependence of scattered intensity on excitation power observed at lowest power level
is consistent with a two-step nature of the observed processes, involving population of
vibrational states and scattering from these. Owing to the good resolution, the spectra can
be analysed in terms of isotope effects on the CN™ stretching-mode energy. Preliminary
measurements of the lattice phonon and local-mode Raman spectra show that further
refinements of the model are required.

1. Introduction

The Fy(CN ™) defect in the body-centred cubic caesium halides is assumed to consist of
an F-centre/CN™ molecule pair along a (100) crystal axis [1]. The attached CN ~ reduces
the local symmetry of the F centre and, because of the interaction, splits the F absorption
into two separate transitions, Fy;(1) and F(2), which predominantly absorb parallel and
perpendicular to the pair axis. Compared with the well known F, centre (an F centre
associated with an alkali-ion impurity) [2], the most exciting feature of this novel
type of aggregate centre originates from the additional vibrational degree of freedom
introduced by the molecule. As observed for the first time for an F-centre/CN~ defect
pair in KCl [3], energy transfer occurs from the optically excited F centre to the CN~
internal stretching mode, which then produces vibrational emission in the 5 ym range.
In KCl this transfer turned out to be merely weak, a fact obviously correlated with the
small change in the F absorption and emission band shape and position following the F-
centre/CN~ aggregation. This situation changes dramatically in caesium halides, where
the F centre seems to be much more strongly coupled to the CN™ molecular ion. Pumping
in the Fy(CN™) electronic absorption, e.g. in CsCl and CsBr, was found to give intense
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CN~ vibrational emission with high quantum and energy conversion efficiency [1, 4].
The excitation and de-excitation cycle efficiently populates excited vibrational states
from which Av = —1 luminescence transitions between adjacent levels (with quantum
numbers v) occur to give a nearly equidistant spectrum. This consists of several lines
shifted with respect to each other by the anharmonicity of the stretching vibration.

Wereport here results of resonant Raman scattering, which besides infrared emission
spectroscopy, is an extremely powerful technique to study this highly interesting
phenomenon. The population of excited vibrational states will give rise not only to
Stokes but also to anti-Stokes scattering, both strongly enhanced through resonance
Raman observation. In addition, the spectra are transferred into the visible, with the
advantage that highly sensitive signal detection may be employed. In our measurements
we used continuous laser excitation, which, in contrast to previous anti-Stokes studies
of F3(CN ™) centres in CsCl under pulsed excitation [5], allows considerably improved
spectral resolution to reveal fine details in the spectra. In addition, we are also able to
measure Stokes spectra by which, in contrast to anti-Stokes Raman scattering and
infrared vibrational luminescence, the population of the vibrational ground state v = 0
can be revealed for the first time and may be compared to the excited-states populations.

For our study of resonant Raman scattering from Fy;(CN™) defects we have chosen
CsBr, which in comparison with other caesium halides exhibits several advantages. In
contrast to CsCl, which has a troublesome structural phase transition around 827 K,
good-quality oriented single crystals of CsBr can be grown and additively coloured close
to the melting point without problems. On the other hand, as implied by the magnitude
of the F;(1)-Fy(2) band energy splitting, the perturbation of the F centre by the attached
CN~ ion in this material is strong and much larger than in Csl, although weaker than in
CsCl. From this we anticipated strong interaction between the F-centre electron and the
CN~ vibrational states, so that efficient energy transfer into the CN™ stretching mode
and therefore drastic effects on the resonant Raman spectrum may be expected.

2. Experimental techniques

We have used several oriented samples, which were cut from a CsBr single crystal grown
by the Czochralski method at the Crystal Growth Laboratory of the University of Utah.
They were doped with nominally 1% mole fraction CsCN. To produce the necessary F
centres, the samples were additively coloured in the usual way in potassium vapour at
793 K, with the crystalheld at 823 K and quickly quenched after that to room temperature
to avoid unwanted F-centre aggregation. After final polishing, the crystal was immedi-
ately mounted in a variable-temperature cryostat. Special care was taken to keep the
sample in the dark during all handling. The low-temperature absorption spectrum at
this stage essentially showed the well known F band with its characteristic spectral
substructure due to spin—orbit effects and phonon coupling (for references see e.g. [6]).
At 165 K, irradiation of the sample with moderate F-band light from two opposite sides
for 10 to 15 min each induces the F-centre/CN™ aggregation process, which was traced
by the developing Fi;(CN ™) absorption band ( figure 1). Inthe case of strong F absorption,
additional F light irradiation by a defocused laser beam from below was used to reinforce
aggregation and to obtain a more homogeneous centre distribution throughout the
crystal volume. Following aggregation, the crystal was left in the dark for 15 min before
cooling down to lower temperature to let an additional absorption band at 1.61eV
decay.
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Figure 1. Absorption spectrum of Fy(CN™)
centres in CsBr: 1072CN~ at 5 K. The crystal was
additively coloured to contain F centres in an esti-
mated concentration of 107 cm™3, which were
then aggregated with CN™ molecular defects.
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Figure 2. Examples of typical unpolarised Stokes
(v— v + 1) and anti-Stokes (v — v — 1) Raman
spectraat T = 20 K resonantly excited in the Fy(2)
absorption band at 1.980eV and 1.960eV,
respectively. The excitation power was 180 mW.

Two types of sample orientation were available: one prepared with six orthogonal
{100} surfaces, the other with two {100} and four {110} orthogonal faces. In connection
with the 90° scattering geometry employed, these orientations allowed various polar-
isations of the incident and scattered light relative to the crystal axes. In the case of O,
point symmetry, sometimes referred to later, these geometries allow one to decompose
the scattering spectra into individual A,,, E; or T,, components or combinations of these
[7]. Since the material does not cleave, the samples had to be sawn and carefully polished.
Sample orientation was achieved by use of the Laue x-ray technique. Typical sample
size was around 10 X 8 X 3 mm?®.

Our Raman set-up consisted of an Ar*-laser-pumped tunable dye laser operated
with DCM or Rh 6G as excitation source, a 0.85 m Spex double monochromator and
conventional photon counting for detection. If necessary, spectral filters were used
between the dye laser and the sample to suppress the luminescence background that
originated from the dye laser and sometimes perturbed the Raman spectra. To prevent
local heating and destruction of the F;(CN ™) defects, in some experiments the excitation
power was kept below 50 mW, with only gentle beam focusing. The sample temperature
could be chosen between 2 and 300 K, and the actual temperatures were presumably
higher by several Kelvins than those measured at the sample holder. All spectra were
normalised to the incident laser power recorded with a reference diode. The spectral
range of our monochromator at the low-energy side was limited to 1.71 eV, not per-
mitting us to measure the Stokes spectra for Fy;(1) excitation. By adding a halogen lamp,
the Fy(CN™) absorption spectra could be taken in the same set-up.

3. Experimental results and discussion

To facilitate the following presentation and allow easy comparison of the Raman exci-
tation energies with the defect transitions, we display in figure 1 a typical absorption
spectrum of F,(CN~) centres in our CsBr samples after F-centre/CN ™ aggregation. The
separation of the Fy(1) and Fy(2) band maxima (at 1.78 and 1.94 eV, respectively) is
0.16 eV compared to 0.27 eV in CsCl, which is very probably related to the larger lattice
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Table 1. Experimental v = 0 2 1 Raman energies AE(CN™) and AE(Fi(CN ")) of isolated
and F-centre perturbed CN™ molecules for various isotope configurations. Av, and y, are
the harmonic oscillator energy and anharmonicity constant from the analysis of the F,(CN™)
resonant Raman spectra.

(a) 12C14N— (b) 13C14N* (C) IZCISN*
AE(CN-) (meV) 256.3 250.8 —
AE(F4(CN7)) (meV) 2555 250.3 251.6
hv, (meV) 258802  253.4+02  254.8=02
¥ (107%) 6.1=0.4 6.0+ 0.4 6.0 £ 0.4

constant (4.29 A for CsBr, 4.11 A for CsCl) and hence smaller coupling between the
partners.

Excitation in either absorption band produces a series of nearly equidistant (energy
difference 3.1 meV or 25 cm™!) narrow Raman lines that are observed in both the
Stokes and anti-Stokes spectra (figure 2). These lines correspond to Ay = *1 transitions
between successive vibrational states of the CN™ internal stretching mode of the CN~
molecule (v = vibrational quantum number) and are shifted relative to each other by
anharmonicity. Their occurrence strongly parallels the observation of CN™ vibrational
emission in the near-infrared [1, 4], with the spectral positions of corresponding lines
measured with the two techniques showing good coincidence. Depending on excitation
photon energy, exciting power and sample temperature, up to six Raman lines are
observed. The occurrence of the anti-Stokes spectrum and of Stokes processes involving
quantum states with v = 1 dramatically demonstrates that excited vibrational states
participate in the Raman scattering process. As originally discussed [1], these states are
effectively populated by efficient energy transfer between the optically excited F electron
and the CN~ vibrational modes. Accordingly the electron rapidly relaxes into the ground
state, while a substantial population remains in the vibrational states with relatively long
lifetimes of the order of milliseconds. Raman scattering probes this population, giving
rise to the observed Stokes and anti-Stokes spectra.

3.1. Spectral analysis and isotope effects

The good spectral resolution of our data allows a detailed analysis of the spectra with
regard to anharmonicity of the CN™ vibration and some observed finer spectral features.
Employing the simple anharmonic oscillator model [8], which neglects terms higher than
quadratic, the energy of a vibrational state with quantum number v is given by

E,=hv.(v+3)—hvy(v+3)>*+... p=0,1,2,... (1)
resulting in energy differences between successive states of
AE(U+1)->U =Ev+1 _Ev =hve[1_2Xe(U+1)]' (2)

From all measured Raman transition energies, the anharmonicity constant and the
oscillator energy are determined to be x, = 6.1 x 107 and Av, = 258.8 meV, respect-
ively (see table 1).



Resonant Raman scattering of Fy(CN™) defects in CsBr 3243

v=6 5 4 3 2 ‘I(L_)
s S e ]

—_ ———— (&

2

=

=2

=

g

:E

= L, Ls

Z

2

£ r;‘!S,‘?meV

= ’ Iy

v=6 5 4| 3| 2 1 (a)

230 240 250
Raman shift (meV)
Figure 3. Anti-Stokes Raman spectrum of
F(CN™) centres obtained for Fy(1) excitation at
T = 5 K. Excitation at 1.780 eV with 45 mW laser
power. The sequences of lines are v — v — 1tran-
sitions involving isotopes 2C*N~ (a), BC“N~ (b)
and PC"N~ (¢). L; and L, are Raman lines due to
difference processes involving a 15.9 meV local-
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Figure 4. Scattered intensities for various anti-
Stokes Raman transitions v — v — 1 versus exci-
tation photon energy across the Fy(CN™) absorp-
tion at 5K. Excitation power was 80 mW. The
experimental data are corrected for absorption.
The arrows mark positions of Fy(1) and Fy(2)
band maxima in figure 1.

ised phonon.

As illustrated by the anti-Stokes spectrum of figure 3, besides the main series of
Raman lines (designated (a)) two other much weaker sequences ((b) and (c)) are
observed. Compared to spectrum (a), the v = 1 — 0 transitions are shifted to smaller
Raman energies by 5.2meV (42cm™!) and 3.9 meV (31 cm™!), respectively. While
spectrum (a) is due to vibrations of the main isotope *CN~ coupled to the F centre,
the additional sequences (b) and (c) are associated with the less abundant configurations
BCHN~ and 2CPN. The reduced-mass values of these isotope species are larger by 4
and 3% than for 2)C!N~, leading to smaller vibrational energies. The energetic positions
of the Raman lines for the two isotopes, which can be calculated relative to the main
12C14N~ series of lines (a) from the ratio of reduced masses, agree better than 0.1% with
the measured spectral positions. We also calculated the oscillator energies hv, for
BCUN- and 2CN- (see table 1) and found the anharmonicity constant y. to be
independent of isotopic composition of the CN™ molecule.

Contrary to the very good agreement regarding isotope effects on the Raman ener-
gies, the relative intensities of spectra (a) to (¢) show unexpectedly high deviations
compared with the natural relative abundance of isotopes (98.5%:1.1%:0.4% for
BRCHUN~: BCHN~: 2CN™). For corresponding transitions we estimate proportions of
about94% :4% :2%. In analogy to infrared vibrational luminescence [4, 9], we consider
this discrepancy to be due to vibrational energy transfer between vibrationally excited
Fy(CN7) centres. Obviously vibrational energy migrates from Fy centres containing
2C¥N~ molecules to those with the less abundant species, which have smaller oscillator
energies, so that vibrational states of these may become excited even at low tem-
peratures. From the ratio of isolated to F-centre-attached CN~ molecules (about 10°~
103, see below) and from the average spacing between the Fy centres, the energy is most



3244 G Cachei et al

probably transferred via isolated molecules; however, we did not undertake to establish
this mechanism in detail.

3.2. Dependence of spectra on excitation photon energy

The assumed axial (C,,) symmetry of the Fy(CN™) complex, resulting in two different
transition moments parallel (Fy(1)) and perpendicular (Fy(2)) to the centre axis, sug-
gests that the Raman spectra show characteristic variations depending on excitation
photon energy and light polarisation. Comparing the anti-Stokes spectra for Fy(1) and
Fu(2) excitations, a striking difference between the two lies in the numbers and relative
intensities of observed Raman transitions. Fy(2) excitation (figure 2) produces essen-
tially three lines with the v = 3 — 2 transition being strongest, reflecting efficient elec-
tronic-vibrational energy transfer taking placeinto the v = 3state. Incontrast, excitation
in the Fy(1) absorption (figure 3) results in up to six Raman lines, revealing preferential
population of vibrational states with larger v than for Fy(2) excitation.

To follow the evolution of the spectra between the two situations, we measured the
excitation profiles of all anti-Stokes lines across the Fy(1) and Fy(2) absorption bands
(figure 4) and found a continuous transition. The most striking effect evident from figure
4 is the drastic reduction of the v = 4 — 3 line intensity when the excitation energy is
tuned from the Fy(1) to the Fyy(2) band. Itis reduced from its peak value at Fy(1) to only
about 5% on the high-energy side of the Fi3(2) band, becoming much less intense there
than all transitions involving lower quantum states (v = 1 — 0,2 — 1,3 — 2). Contrary
to these transitions, no maximum in scattered intensity appears for the 4 — 3 line in the
Fu(2) energy range. For those anti-Stokes lines showing resonance in this range, the
maximum of the scattered intensity does not coincide with the Fy3(2) band maximum but
rather is shifted by about 40 meV to higher energy. This is reminiscent of the Raman
scattering cross section for the F centre in CsBr, which exhibits similar complex structure
due to spin-orbit and Jahn-Teller active electron—phonon interactions [10] and shows
that these may not be completely neglected.

With regard to the dependence on excitation photon energy, in CsBr the Raman
spectra behave basically like the infrared vibrational emission [4]. Depending to some
extent on CN~ concentration, the infrared emisson spectra exhibit four (or sometimes
evenfive) Av = —1 transition for excitation with Fy(1) light, but consist of merely three
lines for Fy(2) excitation. This very characteristic distinction is also obvious from the
excitation spectra of the various infrared luminescence lines, which show peaks at the
Fy(1) and Fy(2) band maxima for the v = 3 — 2 emission line, but contain only one peak
(at the Fiy(1) maximum) in the case of the v = 4 — 3 transition. The Raman and infrared
results in CsBr are quite different from those in CsCl, where in both techniques Fy(1)
and Fy(2) excitations give rise to identical distributions of population in the excited CN™
vibrational states.

Concerning the electronic relaxation process and the electronic-vibrational energy
transfer mechanism, the observed difference in the number of Raman lines suggests two
possible interpretations:

(i) F(1) and Fy(2) excitations entail different relaxed excited states and hence
distinctly different transfer pathways.

(ii) Excitation with Fy(1) and Fy(2) light results in identical relaxed excited states
but, owing to the difference in electron/CN~ vibrational coupling strengths, transfer
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and F-centre/lattice relaxation proceed on different timescales for the two excitations,
finally resulting in the observed variations in Raman intensity distribution.

The available results do not yet permit one to decide between these alternatives.
Assuming tentatively the second one to apply, figure 4 shows that, contrary to the
strength of the corresponding absorption coefficients (see figure 1), the Raman inten-
sities for all anti-Stokes lines are larger for Fy(1) than for Fy(2) light, suggesting the
electron/CN~ vibrational coupling to be stronger for Fy;(1) excitation (excited electronic
pstate parallel to the Fi;(CN™) centre and CN ™ molecule axes). In this case one therefore
expects, subsequent to the absorption process, energy transfer faster than ( perturbed)
F-centre relaxation into the relaxed excited state, so that transfer already occurs in the
course of the relaxation process close to the unrelaxed situation. In complete agreement
with the experimental findings, from the energy position of the Fy;(1) absorption (with an
estimated zero-phonon energy of about 1.6 eV, which determines the energy difference
between the unrelaxed electronic ground and excited states of the defect centre) a
maximum of six Raman lines is expected, corresponding to a total vibrational energy of
1.49 eV. The weaker coupling for Fy(2) excitation (excited p states perpendicular to the
centre axis) on the other handresultsin arelatively slower energy transfer into vibrational
states taking place when the system is close to its relaxed excited state. Although the
electronic luminescence of the Fi;(CN™) centre seems to be completely quenched and
therefore the energies of the relaxed electronic states are unknown, it is reasonable from
the expected Stokes shift (emission band of unperturbed F centre in CsBr at 0.91 eV
[11]) that any number of Raman lines smaller than six may be produced in this situation,
which is again in agreement with the experiment. Nevertheless, alternative (i) cannot
be excluded at present.

3.3. Polarisation of spectra

Examples of polarised resonant Raman Stokes and anti-Stokes spectra excited in the
Fy(1) and Fy(2) absorption bands are illustrated in figures 5 and 6, with the polarisations
of the incident and scattered light represented in the usual notation (e.g. [110]{110]).
As described above, the spectra may be considered to originate from a two-step process
in which one photon is used, via electronic—vibrational energy transfer, to populate
highervibrational states, while asecond one probes this populationina Raman scattering
event. While vibrational emission measures the population of excited vibrational states
directly and hence in principle reflects the polarised excitation and subsequent energy
transfer, the Raman spectra are certainly affected by additional selection rules combined
with resonant enhancement of line intensities, leading altogether to a quite different
appearance.

Pursuing this idea of a two-step process, the CN™ ion is regarded as a (100)-oriented
vibrating system independent of which of the Fy(CN ™) optical transitions the vibrational
states are being excited through. From the orientation of the polarisability tensor, which
is then assumed to transform according to the Raman-allowed irreducible rep-
resentations of the host crystal Oy, point symmetry, we expect only A, and E, scattering,
while no ng contribution to the Raman line should occur [7]. The experlmental data
displayed in figures 5 and 6 do not fully confirm this prediction. The [001][110] polarised
spectrum, which only contains a T,;component (3T,), rather shows substantialintensity,
although smaller compared to the (A, + iE, + #T,,) and £E, spectra obtained for
[110][110] and [110][110] polarisations, respectlvely The same result was found in a
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Figure 5. Polarised anti-Stokes Raman Figure 6. Polarised Stokes (left) and anti-Stokes (right)
spectra of Fy(CN™) centres for Fy(1) Raman spectra of Fy(CN™) centres for Fy(2) excitation at
excitation at T =20 K. Excitation at T = 20 K. Excitations are at 1.980 and 1.960 eV, respect-
1.800 eV with 180 mW. The polar- ively, with 180 mW. The polarisation vectors of the incident
isation vectors of the incident and scat- and scattered light are as indicated. The intensities are true
tered light are as indicated. The to scale and are comparable with those in figure 5. The line
intensities are true to scale and com- marked by * corresponds to a Stokes transition v = 0 — 1 of
parable with those in figure 6. unperturbed (‘free’) CN™. Note subtraction of background

in all Stokes spectra.

(100)-oriented sample. It again showed a non-negligible T, component (in [100][010]
geometry), which amounts to about 10% of the (Ay; + E;) component observed in
[100][100] geometry. In both CsCl and CsBr, deviations from the behaviour expected
for a strictly (100)-oriented Fy(CN™) centre were previously found in polarised
vibrational emission [1, 4] following polarised Fy(2) excitation. This probably suggests
amodified defect structure, which will certainly affect the Raman result. An additional
complication is noticed from the comparison of the Raman spectra (at fixed excitation)
in different geometries (compare e.g. the [110][{110] with the [110]{110] polarised
spectra in figure 5 or in figure 6 (left)). For corresponding lines in these spectra the
intensity ratio is found to vary substantially, also indicating a more complex polarisation
behaviour.
We note two additional observations in the Stokes spectra of figure 6 (left):

(i) The occurrence of an intense polarisation-dependent background underlying the
narrow Raman lines (note suppression of zero point of intensity), which is quite common
for Raman scattering of F-type centres. It rises strongly with increasing excitation photon
energies above 1.95 eV. For excitation at around 2 eV, we found a pronounced peak of
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this emission at 1.8 eV, but did not investigate systematically if it is correlated with the
Fu(CN7) or a different defect centre.

(i1) An additional narrow Raman line emerges in the [110][110] polarised spectrum
on the high-energy side at 256.3 meV. From its energetic position (see table 1) this line
is readily interpreted as due to Raman scattering fromisolated (‘free’) CN~ defects [12].
Upon closer inspection, it is realised that the dominant intensity of this line appears in
A, symmetry, while no intensity at all is observed in the E, spectrum ([110]{1 10]), the
overall T,, component ([001][110]) being weak anyhow. This polarisation behaviour,
which we have studied in independent measurements not reported here, is consistent
with the (111) orientation of unperturbed CN™ previously suggested for caesium halides
[12]. The assignment is supported by the fact that the only Raman transition observed
is the one with the vibrational ground state as initial state (v = 0 — 1), the lack of any
other Stokes and anti-Stokes transitions of this species proving that higher vibrational
states are not occupied. In contrast to the F-centre/CN~ aggregated (Fy(CN™)) pair,
for isolated CN~ (electronic) excitation cannot be accomplished by visible light, since
itselectronic transitions are in the ultraviolet [13]. Population of higher vibrational states
(via direct electronic—vibrational coupling) is therefore impossible, leaving the v = 0
state the only state populated.

The non-resonant excitation explains why this line is considerably less intense in
comparison with the v = 0— 1 transition (at 255.5 meV) for the Fy(CN™) complex
although the concentration of isolated CN™ molecules is much larger than the Fi;(CN™)
concentration. Assuming (from the absorption strength) an Fy(CN™) centre concen-
tration of 107 cm ™ and 10°~10% isolated CN™ molecules per cm? in our sample, from
the ratio of integrated intensities of the two lines we estimate a resonance enhancement
factor of about 10°.

3.4. Dependence on excitation power and temperature

Important parameters that affect the spectra are excitation power and crystal tem-
perature. Corresponding to the two-step nature of the process that produces the Raman
spectra and includes (i) population of excited CN~ vibrational states followed by (ii)
scattering from these, a quadratic dependence of anti-Stokes intensities on exciting laser
power (P, ) can be expected. We investigated this dependence for either Fy(1) or Fy(2)
excitation by varying P over a fairly wide range between 2 and 300 mW. As illustrated
in figure 7 for Fy(2) excitation, the result is in excellent agreement with this expectation
at the lowest pumping powers (2-10 mW) we could use to obtain sufficiently good
Raman signals. Already at about 10 mW, depending on temperature, the line intensities
show deviations from this behaviour, which are different for the various Raman tran-
sitions. For example, under Fy(1) excitation at 20 K (figure 8) we find in the range 10~
20 mW a dependence of scattered intensity on Py less than quadratic but superlinear for
all lines except for v = 6 — 5, which varies linearly. At still stronger excitation (50-
300 mW), the intensities of lines from higher states (v = 6 — 5, 5— 4, 4 — 3) start to
become saturated, while those involving lower levels (v =3—2,2— 1, 1— 0) still
increase, with the 3— 2 line remaining strongest at all powers. At the highest power
used, the v = 2— 1and 1 Otransitions become even more intense than the 4 — 3line,
implying a relatively stronger decay of higher states and redistribution of occupation in
favour of lower vibrational levels.

We consider this complex behaviour to originate from two counteracting effects
caused by the increase in laser power. Increasing power not only raises population but
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Figure 7. Dependence of integrated anti-Stokes Figure 8. Dependence of integrated anti-Stokes
Raman intensities on laser power in the low- Raman intensities on laser power in the high-
powerregime. The spectraare excitedin the Fi4(2) power regime. The spectra were excited in the
band at 1.980eV at T = 5SK. The full line cor- Fy(1)band at 1.787 eV at T = 20 K. The lines are
responds to the expected I ~ P? dependence in guidelines for the eye.

the double-logarithmic plot.

obviously, at high power levels, results in local heating, reducing the total vibrational
lifetime due to the growing importance of non-radiative processes (7, (T) = 14 +
Toonrad(T)). Under continuous excitation, the occupation number of vibrational state v
is given by N, ~ P, 7, (1, = total lifetime of this state), resulting in the intensity for an
anti-Stokes transition from this state /,_,,_1)~ PN, ~ P?1,. Consistent with the
experimental finding, this expression qualitatively describes the observed power depen-
dence: at low excitation levels when 7, = const., the intensity is quadratic in laser power,
while the reduction of 1, by temperature explains the deviation from this behaviour at
higher powers. Since the lifetimes of the various vibrational states will be affected
differently by temperature, altogether this leads to the observed complex intensity
variations.

To separate the temperature effect on the vibrational states we measured the anti-
Stokes spectra as a function of temperature at constant excitation power. For Fy(1) and
Fu(2) excitations we found qualitatively the same behaviour as shown in figures 9 and
10, with only slight differences due to the different excitation powers used (170 and
45 mW, respectively). With increasing temperature, the overall integrated intensity
gradually reduces with a relatively steeper decrease for most lines above 30-50 K.
Concomitantly a redistribution of occupation among the vibrational states is observed,
implying preferential depopulation of the higher quantum states in favour of the lower
ones, again in agreement with the expected temperature dependence of 7,,.

The (relative) occupation number N, of a vibrational quantum state v can be evalu-
ated from the measured Raman intensities [, by using the relations [14]

N,~I,+1)/Ed(+1) for Stokes processes
and
Ny ~1, -1 /East for anti-Stokes processes.

Here v labels the initial vibrational state for each process, and Es and E g are the Stokes
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Figure 9. Anti-Stokes Raman spectra at different
temperatures obtained under 1.793 eV (Fy(1))
excitation with 170 mW.
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Figure 10. Temperature dependence of anti-
Stokes Raman line intensities obtained under
1.950eV (Fu(2)) excitation with 45 mW. The

crosses mark the v = 1 — 0 transition of isolated
(‘free’) CN™.

and anti-Stokes scattered photon energies, respectively. Since experimentally we were
counting photons n ~ I/E, we use the third instead of fourth power of energies in the
denominator. The expressions show that, different from infrared vibrational emission,
the Raman spectra do not directly image the relative population of states. The dominant
effect in computing N, from the measured intensities stems from the factors (v + 1) and
v in the denominator. Relative to the Raman intensity distribution, the population of
states with larger vis suppressed compared to that with smaller v. We find from analysing
the Stokes spectra that the vibrational ground state (v = 0) is populated strongest under
all excitation conditions used. This is directly evident from figures 2 and 6, where the
Stokes v = 0 — 1 transition occurs mostintensely while all other transitionsin the spectra
have to be reduced in strength by (v + 1) to represent the relative magnitude of N, for
higher vibrational states. Moreover we establish from the intensity distribution in both
Stokes and anti-Stokes spectra that the v = 3 state, although'much less populated than
the vibrational ground state (v = 0), is inverted or at least comparable in population
with respecttov = 2,i.e. N3 = N,. If the temperatures are not too high (7 =< 20 K), this
holds good for nearly the whole power range covered by our experiments (see e.g.
the anti-Stokes spectra in figures 2 and 3 for Fy(2) and Fy(1) excitation). To give
representative numbers, for a sample excited with P = 45 mW in the Fy(2) band (T =
4.5 K) we calculate that about 90% of all centres are in the vibrational ground state,
while 3% and 4% are in the v = 2 and v = 3 states, respectively, with the remainder in
v = 1. Using higher laser power (P. = 180 mW ) in a different sample (at T = 20 K), the
corresponding numbers are 68%, 7% and 7%, respectively. The results show that
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Fy(CN7) centres in the host CsBr, like in CsCl, are potential candidates for laser
applications. Although the highly efficient energy transfer observed in CsCl [1] in this
respect makes this material a very promising system, and infrared superfluorescence and
first laser oscillation have already been observed [15, 16] in practice CsBr might have
the advantage of easier crystal growth and additive colouration.

Regarding the effect of temperature on the resonant Raman spectra, we mention
one more experimental observation, which has been made before in the pulsed Raman
measurements in CsCl [5]. Upon raising the temperature (see figure 10), we find in the
anti-Stokes spectrum a tiny but clearly discernible v = 1 — 0 transition (at 256.3 meV)
due to isolated (‘free’) CN~ growing in intensity relative to the corresponding Raman
line of the F-centre/CN~ coupled defect pair. As known from infrared vibrational
emission [1, 4], at relatively high concentration of CN~ (1072, say) energy may be
transferred from vibrationally excited Fy(CN ™) centres to isolated CN™ molecules. This
transfer should be most efficient between the v = 1 states which, in comparison to higher
vibrational states, have long lifetime and minimum energetic difference. The energy
barrier between the two states is 0.8 meV (see table 1), so that thermal energy is needed
to achieve population of the v = 1 state of isolated CN™. This is the effect we observe
for T> 40 K, the temperature dependence of the intensity ratio of the two lines being
roughly consistent with their energetic distance. In comparison with infrared vibrational
emission, where thermally activated vibrational energy transfer leads to much more
intense emission from isolated CN ™, in anti-Stokes Raman scattering the process related
to the F-centre/CN~ coupled pair dominates because of resonance enhancement.

4, Concluding comments and outlook

The strength of Raman signals observed for excitation in either absorption component,
which in spite of smaller absorption is considerably larger for Fy(1) than for Fy(2)
excitation, suggests that the energy transfer occurs with the F centre in its excited state
and obviously depends on the orientation of its electronic p wavefunction. Since the
energy transfer with regard to the lattice vibrations proceeds in a non-equilibrium state,
it may be considered as ‘hot transfer’, which had previously been discussed between
electronic states of defect centres [17]. It is characterised by the fact that no energy loss
takes place after photo-excitation and prior to transfer, so that the absorption spectra
of the ‘donor’ and the ‘acceptor’ overlap. For hot transfer to occur, the donor—acceptor
spacing has to be small, a requirement fulfilled in the present case since the donor (F
centre) and the acceptor (CN™) actually form a close pair. Moreover, its efficiency
depends on the relative orientation of the interacting transition dipole moments, which
qualitatively would account for the observed difference in Raman signal strengths under
Fy(1) and Fy(2) light excitation (F-centre transition moment parallel and perpendicular
to CN~ vibrational moment, respectively). In the case of the F;(CN™) centre, however,
the transfer process clearly differs from the case above in that electronic energy trans-
formsinto CN™ internal vibrationalenergy. Owing to the difference in quantumenergies,
this can occur through a higher-order process only, which would give rise to an extremely
weak absorption of the acceptor and hence inefficient energy transfer. To explain the
efficiency of the transfer, one may therefore have to take into account the possibility
that the excited F electron strongly influences the CN~ excited electronic states, which,
in a simple band structure picture, are situated near the conduction band edge and close
in energy to the excited state of the F centre. This would allow the energy transfer to
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Figure 11. Low-energy resonant
Raman spectrum of Fiy(CN™) centres
showing the defect interaction with the
perturbed lattice phonon spectrum.
The arrows mark additional features
appearing after F-centre/CN~ aggre-
i ' gation. The spectrum is unpolarised
0 10 20 and excited in the Fy(1) absorption at
Raman shift (meV) 1.785 eV with70mW at T = 5 K.

Intensity (arbitrary units)

proceed through this excited state, with the transformation of electronic into vibrational
energy being accomplished by electronic-vibrational coupling within this ‘new’ defect
centre. Since in the Raman experiments the vibrational excitations in the electronic
ground state are probed, the interaction of the excited F-centre/CN ™~ molecule electronic
states will have no effect on the Raman transition energies, but may lead to appreciable
changes in stretching-mode energy in the excited electronic state.

Additional knowledge necessary for a complete understanding of the F-centre/CN~
pair properties can be expected from the interaction of the defect with the surrounding
CsBr lattice and from the local-mode spectrum reflecting the effect of Br~— CN~
substitution. This information is contained in the low-energy resonant Raman spectrum,
which is presently under study. A preliminary result is illustrated in figure 11, showing
this spectrum in the 0-25 meV range. Most of the spectral features with regard to energy
positions and polarisation properties (not shown) correspond to first-order Raman
scattering known for isolated F centres in CsBr [10], with the highest (Lo(T')) energy at
13.9meV [18]. Following F-centre/CN~ aggregation, close to and beyond the Lo(T)
lattice phonon energy three additional peaks emerge at 13.9, 15.9 and 21.2 meV. The
15.9meV line is distinctly different in width and shape from the other two and also
appears as a weak replica on the low-energy side of several of the CN™ anti-Stokes
vibrationallines (e.g. L3, L,in figure 3). The origin of these additional Raman transitions
is not clear and certainly cannot be explained by only local-mode excitations induced by
the mass change that accompanies the replacement of Br~ by CN™. First measurements
have shown an interesting dependence on excitation photon energy across the F;(CN™)
absorption and on light polarisation. These dependences are presently under study and
certainly will reveal further details of the defect structure. In particular, we plan to study
higher-order scattering, which provides detailed information on the local dynamics and
vibronic interaction of the defect. The occurrence of three additional peaks in the
perturbed phonon Raman spectrum already seems to point towards a centre with a
greater complexity than the model discussed above, for which only two local-mode
components would be predicted. This necessity for a model refinement, already encoun-
tered in the context of the Raman results for the CN™ internal vibration, certainly
requires further investigations.
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