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Abstract
We report on the optical spectroscopy of the silica sol–gel glass doped with
chromium of various valences where Cr6+ and Cr5+ ions appear to be most
active. The presence of the Cr5+ ions in six-fold coordination is seen in
the luminescence spectra and decays whereas the Cr6+ ions in four-fold
coordination are mostly responsible for the excited state absorption (ESA),
but also give a contribution to the luminescence. We interpret the ESA in
terms of transitions between crystal field split terms of the Cr5+O− centre
which forms after the charge transfer (CT) transition, and between one of those
terms and another, double-electron state of larger electron–lattice coupling,
which forms after two consecutive transitions of electrons via the CT transition.
The luminescence and decay characteristics are due to the composition of the
transitions in both Cr5+ and Cr5+O− centres, the former interpreted in terms of
the Jahn–Teller effect in the d1 system in the octahedral coordination,along with
the nuances associated with that effect; the latter ones being the triplet–singlet
or singlet–singlet transitions depending on temperature.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Silica sol–gel glasses are attractive as possible laser hosts mostly because of the relatively
simple and cheap method of growing them. There are a number of reports on glasses doped with
chromium, which is the most popular transition metal dopant (e.g. [1–5]). Although chromium
ions have a natural tendency to situate in sites preferring trivalent states (especially in octahedral
coordination, as in ruby, alexandrite or garnets), in silica sol–gel glasses the situation is more
complex. As shown in [5], in these hosts chromium can occur in several different valences
simultaneously. The oxidation reactions during hydrolysis and dealcoholation seem to follow
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the routes:

4Cr3+ + O2 → 4Cr4+ + 2O2−

2Cr3+ + O2 → 2Cr5+ + 2O2−

4Cr3+ + 3O2 → 4Cr6+ + 6O2−

where the second route occurs with maximum probability [5]. Indeed, all the aforementioned
valences in various centres are seen in the optical properties of chromium doped sol–gel glasses.
In this paper we focus our attention only on Cr6+ and Cr5+ ions because the features of Cr4+

are seen only in the absorption spectrum and the possible luminescence connected with their
excitation is not seen up to 1300 nm.

Although there are several reports on the luminescence characteristics in this type of
material (e.g. [5–8]), only one of them [8] gives a comprehensive interpretation of the optical
properties of the material under excitation. In [8] the authors interpret the luminescence
of the Cr:silica sol–gel glass in terms of the four-fold-coordinated Cr5+ ions (luminescence
around ∼1.5 µm) and the Cr6+ ions coupled to Cr5+ (luminescence around 655 nm). In this
paper, though describing a very similar material and grown by the same source, we give
an alternative interpretation, analysing the absorption and excitation spectra, luminescence
spectra, luminescence decays, EPR spectra and the excited state absorption (ESA) spectra.

2. Experimental details

The material has been prepared using the method described in detail in [5]. The samples
originated from another series than those examined in [8], hence they can differ a little in
structure. More specifically, our samples did not reveal thermoluminescence of the type
described in [8], and any luminescence in the IR region (no trace of the luminescence going
from that peaking at ∼710 nm to IR up to 1300 nm). Such a luminescence has been ascribed
to the Cr5+ ions in tetrahedral sites in [8]. Analysis of the ionic radii done in [8] shows that
the substitutions of the Cr5+ ions into tetrahedral and octahedral sites are equally probable.
Hence we believe that the samples used in [8] were grown in conditions preferring Cr5+ in the
tetrahedral sites whereas ours were grown in conditions preferring Cr5+ in the octahedral sites.
We have examined the samples of different chromium concentration, yellowish with lower
concentration and greenish with higher, both of the order of ∼0.03 mol%.

Measurements of the absorption spectra, emission spectra and decays were performed
independently, in various equipment, to make sure that the obtained characteristics are true.
The absorption and emission spectra were measured with an AVIV 14DS spectrometer
(slits: 0.5 mm) and a 0.5 m grating monochromator and photomultiplier (Hamamatsu R928),
respectively, and also using a liquid-nitrogen-cooled germanium detector (North Coast Optics)
and lock-in amplification in the emission case. The decays were measured by a PMT coupled
to a SR430 photon counter. The luminescence excitation spectra were registered by a Perkin–
Elmer LS50B luminescence spectrometer. The ESA spectrum has been measured using two
alternative set-ups. One of them was similar to that described in [9] utilizing a CW source of
excitation (Ar ion laser), CW tungsten lamp as a source of probe beam and a chopper lock-in
technique and 0.4 m grating monochromator + PMT in the detection branch. The second
set-up utilized a RD-EXC-150/25 XeCl excimer laser (308 nm) as a source of excitation, a
Hamamatsu Xe flash lamp as a source of probe beam and an ORIEL InstaSpec II photodiode
array detector coupled to a MultiSpec 1/8 m spectrograph in the detection branch. The first
ESA set-up worked in the CW regime and longitudinal geometry of beams passing through
the sample, and the second in the pulsed regime and transverse geometry. The EPR spectra
have been measured with a Bruker B-ER-418SM spectrometer.
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Figure 1. GSA spectra of the green and yellow sample.

3. Results

Ground state absorption (GSA) spectra for two sol–gel samples of green and yellow colour are
illustrated in figure 1. The weak and broad band, situated around 700 nm and spreading from
600 to 900 nm, can be assigned to transitions within the Cr4+ ion (e.g. [3]) which, we believe,
even if emitting in the IR, does not interfere with the reported processes. Following Herren
et al [6] and Yuan et al [10] we can preliminarily assign the peak around 470 nm to intra-ion
transition within the Cr5+ ions in six-fold coordination (2T2g → 2Eg transition). The higher
energy shoulder (∼360 nm), being a weak peak immersed in the lattice absorption band, can
be attributed to the Cr6+ in four-fold coordination. Under excitation into the 360 nm peak the
following charge transfer (CT) occurs in the framework of the [CrO4]2− group [10, 11]:

Cr6+O2−(3d02p6) → Cr5+O−(3d12p5).

As is shown later in this paper, such a CT absorption has two maxima [4, 11]: the
aforementioned lower energy maximum, around 360–370 nm, and a higher energy peak around
270 nm [4]. We cannot see the higher CT peak because of extremely large host absorption in
the region of its occurrence.

According to [12] and [13] the tetrahedrally coordinated Cr4+ ions should manifest also
in the CT onset for energies higher than 40 000 cm−1. Such an onset, if it exists, is entirely
immersed in the band-to-band absorption of the glass matrix. Because we cannot directly
excite the material into energies sufficiently high for this CT transition we can ignore the
influence of these CT states on our observations.

The luminescence spectra of the green sol–gel sample measured by photomultiplier and
cooled germanium photodetector, as described in the caption, at low temperature (LT) (∼10 K)
and room temperature (RT) for the excitation wavelength 457.9 nm are shown in figure 2.
The yellow samples reveal practically identical spectra and the only small differences in the
luminescence are in decay profiles, which shall be discussed later. In general the spectra are
broad and rather structureless, apart from two features seen at LT for higher photon energies,
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Figure 2. Low- and room-temperature emission spectra for the 457.9 nm excitation.

especially when fitting with Gaussians. These features can find interpretation after analysis
of the luminescence excitation spectra presented in figure 3 for the green and yellow sample.
Looking at these spectra, monitored at 600 nm, we can see at least three dominant bands
(approximated by Gaussians on the energy scale). In comparison with the GSA spectra there is
a new distinct feature: a predominant band situated between two bands of ∼470 nm (∼21 000–
21 400 cm−1) and ∼360 nm (∼27500–27 700 cm−1) seen already in the GSA spectra (figure 4),
namely large band peaking at ∼400 nm (∼25 000 cm−1). The origin of this as well as the
470 nm band is the Jahn–Teller (JT) effect, which can be seen after detailed analysis of the
emission spectra, luminescence decay profiles and EPR spectrum. The highest energy band
as placed exactly at the energy ∼27 600–27 800 cm−1 (∼360 nm) can be ascribed to the lower
maximum of the aforementioned CT absorption in Cr6+ ions, whereas the high energy sloped
characteristic in the GSA spectrum can be attributed to the lattice states forming a conduction
band. As seen in figure 4 the GSA spectra can be easily fitted by Gaussian bands peaking
exactly at the same photon energies as the bands forming the excitation spectra.

The typical decay profiles measured at LT and RT are presented in figure 5. The detailed
analysis of these decays is given in section 5. At first sight a multiexponential character of
all the decays can be noted: such a multiexponential decay is characteristic for the glasses
that are systems of a large site-to-site disorder [14, 15]. There are also distinct fast and slow
components at LT whereas at RT one cannot distinguish such components.

As supplementary investigations into the time-integrated emission spectra and the
luminescence decay measurements we have performed measurements of the time-resolved
emission (TRE) spectra. The emission spectra of both samples measured at RT appear to
decay identically. Therefore in figure 6 we present the exemplary TRE spectra for the yellow
sample detected at 117, 217 and 517 ns. The spectra were fitted by two Gaussians. The first
observation is a shift of the maximum to the higher energies with rising time. It is connected
with the faster decay of the lower-energy component of the spectrum. It is interesting that at
RT we can see here a residual behaviour similar to that at LT, namely the fast component at
lower photon energies and the slower one at higher energies. After 517 ns the spectrum decays
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Figure 3. Luminescence excitation spectra monitored at λ = 600 nm.
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Figure 4. GSA spectra decomposed into Gaussians.

gradually with a characteristic time of the order of several microseconds, keeping more or less
the same shape.

In section 5 we try to combine these results with the decay analysis.
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Figure 5. Typical low-(10 K) and RT decay profiles.

Our first and preliminary ESA measurements performed with a very simple CCD array
system (Ocean Optics S-1000 spectrometer) were briefly reported in [5]. The present
measurements were performed with much more sensitive equipment of better resolution
(InstaSpec II + MultiSpec 1/8 by ORIEL). The ESA spectra measured by the pulsed technique
with 308 nm excitation are illustrated in figure 6. The spectra depicted are free from the
influence of the GSA bleaching [5, 16] that allows us to interpret the ESA spectra directly. The
two well defined bands are seen in these spectra. Their interpretation in terms of the transitions
in the framework of the d0-type complex and CT transition in the [CrO4]2− group is described
in section 7.

4. Absorption, emission, luminescence excitation spectra and luminescence decay

As seen in figures 3 and 4 there are at least three absorption bands that, when excited, are
responsible for the measured luminescence characteristics. We believe that they are connected
with the Cr5+ ions in the octahedral coordination [6, 10] and with the Cr6+ ions in the tetrahedral
coordination [10, 11].

The Cr5+ ions in octahedral coordination are the ‘handbook type’ systems of the d1

configuration, virtually identical to the Ti3+ [17–19] and V4+ systems [20]. In such systems the
JT effect manifests in a distinct splitting of the ground and terminal GSA state (2T2g and 2Eg,
respectively) that results from the electron–lattice coupling of the T and E terms to the two-
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Figure 6. TRE spectra detected at RT.

dimensional vibrational mode εg. In particular, the 2Eg electronic manifold (excited state), as a
result of the 2Eg ⊗ εg coupling, in such a situation takes a so-called Mexican hat [21, 22] form.
Hence, the two absorption bands (seen first of all in the excitation spectra) of Cr5+ ions should
be ascribed to the JT split 2Eg state [20, 22, 23]. The third band, peaking around 360 nm
(∼27 700 cm−1), can most likely be ascribed to the CT transition in the frame of the Cr6+

ions. The fact that we can see this feature in the luminescence excitation spectrum, monitored
at different wavelengths, proves that either there is some energy transfer from the excited
[CrO4]2− group to the Cr5+ ions, or that the excited [CrO4]2− group is also responsible for the
emission. On the other hand, the emission spectrum measured at RT is rather structureless
and broad (exactly the same situation occurs in Ti3+ or V4+ systems), looking at first sight like
originating from one type of site (with a possible influence of the site-to-site disorder, like in the
glasses). This may look unusual in view of the JT splitting of the ground term 2T2g. However,
at RT the emission probability from the bottom trough of the Mexican hat-like hypersurface
to the ground state is the same, regardless of the current position in the trough of the 2Eg state.
Because of the different splitting and positions of the manifolds constituting the 2T2g state
seen from the trough of the 2Eg state (as a result of the 2T2g ⊗ εg coupling the 2T2g state
forms actually three intersecting paraboloids, the system not being cylindrically symmetric,
like the 2Eg state), the transitions from the 2Eg state end up in the rich variety of the 2T2g state
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energies. Such an averaging of the transition energies causes the structureless luminescence
spectrum. This dynamic situation is well described in the classic article of Sturge [20] and is
well recognized in the case of the spectrum of the Ti3+:Al2O3 and Ti–sapphire lasers [24, 25].
The above description concerns the band peaking at RT at ∼14 500 cm−1. The remaining
band, peaking at RT at ∼13 500 cm−1, is most likely to be connected with the Cr5+O− centre
of ∼Td symmetry.

Other evidence of the JT effect is seen in the LT emission spectra where the characteristic
features occur at 14 100 and 15 350 nm. The simple Mexican hat-like shape of the split 2Eg

manifold corresponds to the assumption of harmonic vibrations. It becomes more complex
when the admixture of anharmonic vibrations is taken into account, which seems to be closer to
the real situation. In such a case an actual shape of the Mexican hat transforms to that having
three local valleys (wells) in the bottom trough and appropriate barriers (saddles) between
them [21, 22]. The number of valleys depends on the number of symmetry axes and existence
of the inversion invariance of the JT vibrational mode. As shown in [22] in the case of
octahedral symmetry there are three wells and three saddles placed symmetrically around the
central symmetry axis of the Mexican hat. At LT the population is frozen in the wells and only
from these points can the transitions occur to the ground state (three intersecting paraboloids of
the 2T2g manifold, but only two are accessible for transitions from a given well). Because the
wells are situated in equivalent positions with respect to the 2T2g manifold this would favour
transitions to two well defined and equivalent points of the 2T2g hypersurface. Hence also
appropriate features should be seen at LT. Indeed, looking at LT luminescence spectra one can
see at least two weak peaks superimposed on the broad spectrum. Those peaks disappear at
RT, which is consistent with the above description (the depth of the wells is �200 cm−1).

5. Luminescence decay analysis

5.1. Observations

The exemplary decays measured at various wavelengths and low and room temperature are
illustrated in figure 5. For detailed analysis we assumed that the luminescence originates in
the variety of sites that, excited, contribute independently to the emission. In view of the
site-to-site disorder in glasses such an assumption is quite natural [14, 15]. Hence the total
emission is a superposition of the luminescence from a number of sites and therefore it is
not single-exponential, although each site is characterized by single-exponential luminescence
decay. In glasses one can assume that the sites are characterized by continuous distribution of
the decay constants given by the function A(τ ). Thus the luminescence decay can be expressed
by

I (t) =
∫

A(τ )

τ
e−t/τ dτ. (1)

To recover the distribution A(τ ) from the experimental luminescence decay one should
minimize the χ2 function defined as

χ2 =
∑

k

{Iex(tk) − I (tk)}2

σ 2
k

(2)

where Iex(tk) is the experimental emission intensity at the time tk , I (tk) is the calculated
intensity according to (1) and σk is the weighting of the experimental point, k.
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Figure 7. Low temperature emission decay histograms: amplitudes versus decay constants for the
green (a)–(c) and yellow (d)–(f) sample.

To perform the calculations we have approximated the continuous decay times distribution
by a discrete distribution of the decays constantly spaced on the logarithmic scale as follows:∫

A(τ )e− t
τ d(ln τ ) ≈

∑
i

Ai e−t/τi . (3)

Usually good results are obtained when the increase of τ by a factor of 10 is covered by about
10 different time constants.

Typical low temperature decay distributions are illustrated in figures 7 and 8. It is seen that
at LT the decays are strongly not single-exponential, having at least a two-peak distribution
and depend on the emission as well as excitation wavelengths. At RT the luminescence decay
changes qualitatively. The fastest and the slowest decays disappear and the decay becomes
practically single-exponential for all excitation and emission wavelengths.

Since at low temperature the luminescence decay times changed over several orders of
magnitude the measuring of the long living luminescence tail with the time gate short enough to
detect details of the fast component would be rather unreasonable. This is why we recovered
the distribution of the time constants of the fast decaying luminescence using the results
obtained with the short gate and the distribution of the long living luminescence from separate
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Figure 8. RT emission decay histograms: amplitudes versus decay constants for the green (a)–(c)
and yellow (d)–(f) sample.

experiments performed with the much longer gate. Then the recovered distributions have been
sewn up and presented as histograms. We repeated such a procedure with different lengths
of the time gates and obtained very similar lifetime distributions. Therefore we believe in the
reliability of the obtained results.

To recover the time constant distributions we have analysed the decays for two samples:
green and yellow. The LT decay time distributions are presented in figures 7(a)–(c) and 7(d)–(f)
for the green and yellow samples, respectively.

Under excitation at 337.1 nm the distribution reveals the structure that consists of two
groups of decays. The dominant contribution to the emission is given by fast decaying
luminescence (decay constants of the order of 0.2–0.3 µs). The longer decaying luminescence
seems to be a superposition of the emission from two sites contributing with time constants
200 µs and 4 ms. For the luminescence monitored at 560 nm the short component is of about
120 times greater amplitude than the longer decaying luminescence. The contribution from
the longer decaying luminescence increases for longer emission wavelengths, whereas for
excitation at 337.1 nm for all the monitored wavelengths the short component is dominating.
The situation is similar when the emission monitored at 560 nm is excited at 450 and 480 nm.
However, under longer wavelength excitation the short component almost disappears when
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the emission is monitored at 610 and 700 nm. In all cases the longer component consists of
two decay constants: 200 µs and 5 ms. A weak contribution of the sites with luminescence
decay constants of about 10–20 µs is also seen. However, the emission that decays with these
times seems to be too weak to be distinguished as a separate peak in the distribution function.

In the case of the yellow sample the distribution of the decay constants and its dependence
on the emission and excitation wavelengths is very similar to that of the green sample. The
main difference is in the long living luminescence. At low temperature the distribution of the
long living luminescence consists of three components peaking at 0.2, 1 and 4 ms. The short
decaying luminescence seems to be characterized by a single distribution with the maximum
around 1 µs. The cases where the fast decaying luminescence lifetime distribution has the
more complex structure (the luminescence monitored at 610 nm with 337.1 nm excitation or
monitored at 700 nm with 480 nm excitation) have to be attributed to experimental errors
rather than to real physical phenomena. In these cases the contribution from the fast decaying
emission is too weak to be recovered with satisfying certainty.

In view of a terrible complication of the presented LT histograms, that are derived
from sometimes noisy decay profiles, we can simplify the conclusions drawn from these
observations. Hence summarizing one can say that for 337.1 nm excitation the short decays
prevail in the overall luminescence which partly holds for the 450 nm excitation (especially
for the yellow sample), and for 480 nm excitation a long decay starts to play a substantial part
in the luminescence which is also distinct for the yellow sample.

At RT the luminescence decays tend to be almost single-exponential (see figures 8(a)–(f)).
Actually the distribution of the decay constants is asymmetrical and extends over an order of
magnitude with the maximum at about 3 µs. The evident tail into the shorter time direction
is likely related to the contribution of the fast decaying luminescence seen at low temperature.
Only emission at 560 nm under 337.2 nm excitation has evidence of two maxima.

One can see that in both samples the fast decaying luminescence is excited quite effectively
by 337.1 nm and contributes to the emission spectrum mainly in the short wavelength region,
whereas the slowly decaying luminescence is easily excited by 450 and 480 nm and contributes
to the spectrum in the long wavelength region.

5.2. Interpretation

Different time constants of the emission should be related to the specific centres. As shown in
the analysis of the luminescence excitation and absorption spectra there are at least two kinds
of ions active in both samples, namely Cr5+ and Cr6+. The octahedrally coordinated Cr5+ is the
3d1 system where the optical transitions, parity forbidden and spin allowed, take place between
the 2T2g ground and the 2Eg excited electronic manifolds. The system is thus equivalent to
the well known Ti3+. By comparison with the Ti3+ one expects lifetimes of the order of a few
microseconds. This prediction fits well with the 3–4 µs decay constants detected for all the
samples at RT. At low temperature the longer components appear in the vicinity of tens µs,
spreading up to milliseconds.

It is evident that the short decay emission is effectively excited by 337.1 nm wavelength.
The absorption and excitation spectra suggest that this emission can be related to the excitation
of the Cr6+O2− centre. The Cr5+O− centre which forms after the CT transitions via the GSA
in the frame of the [CrO4]2− group has the triplet and singlet excited terms whereas the ground
state is a fully symmetrical singlet term. It is believed [26] that the [CrO4]2− group rather
does not produce any luminescence, although the triplet–singlet (T–S) transitions are quite
common in such a centre type [27, 28]. Indeed, in our previous paper [11] we demonstrated
such a lack of [CrO4]2− luminescence in the LBO:Cr glass. The existence or lack of such
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Figure 9. Qualitative illustration of the singlets and triplets of the 3d12p5(t5
1, 2e) configuration

showing how the shorter singlet decay can be associated with wavelengths longer than that of
triplet.

a TS luminescence is determined by the strength of the electron–lattice coupling of the first
excited triplet state with respect to the singlet ground state. Thus we have two factors that
are detrimental: the spin selection rule and a relatively large electron–lattice coupling which
allows for effective radiationless transitions. However, there are still the excited singlets,
which could yield the luminescence in a specific situation. First, the transitions from them are
spin-allowed; hence even strong electron–lattice coupling is not able to entirely quench the
luminescence via radiationless transitions. Instead it can at most shorten the singlet–singlet
(S–S) luminescence lifetime. This would be a ‘hot luminescence’, spin and parity allowed
fast transition. It should be seen at LT rather than RT because RT would kill the luminescence
via radiationless transitions. The situation, which by the way can also explain the faster decay
of the longer wavelength component of the emission spectrum, is schematically illustrated in
figure 9.

In this context there is another interesting observation: going back to figure 5 we can
now comment on a very interesting decay profile detected at λobs = 560 nm. There is a
domination of short decay, which seems to be in contradiction with the previous observations
that transitions at longer wavelengths are responsible for shorter times (see TRE spectra).
However careful inspection of figure 2 shows that such a contradiction does not take place.
Monitoring the LT decay at λobs = 560 nm we deal with the photon energy 17 860 cm−1.
Looking at the Gaussian components of the overall spectrum one can see that at 17 860 cm−1

only one component remains—the one which peaks at ∼13 000 cm−1 and is ascribed to the
Cr5+O− centre. At LT this luminescence is dominated by the S–S transitions and hence the
domination of short decay at 560 nm.

It is characteristic that at RT we observe a multiexponential decay of the time constant
distribution centred around a rather short time (∼µs); the long component disappears.

Usually spin forbidden but symmetry allowed transitions yield the luminescence of a decay
constant falling in the several microseconds region (e.g. [29, 30]). This, of course, depends
on several other factors, of which the probability of the nonradiative transitions is the most
important one. Here we deal with milliseconds at LT which at RT transforms to microseconds.
This can suggest the importance of the nonradiative transitions. On the other hand, in this
type of material an existence of metastable trap states (e.g. thermoluminescent traps) has been
reported at least several times (e.g. [8, 31]). They could play a role in the long component
seen at LT since we observed at least two or even three different decay constants looking
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like being related to one site. Such an effect is possible only when one assumes metastable
traps of different depths that can accumulate the excitation energy from the centre. Thus the
luminescence decay can be controlled by the trap-centre nonradiative transition rate [32, 33].
Hence at this stage we can state as follows: the long component seen at LT can be ascribed to
the [CrO4]2− group {triplets of Cr5+O− (3d12p5) (t5

1, 2e) configuration} and/or to the Cr5+(Oh)

ions with an influence of some metastable traps.
For a better insight into the problem of traps we have performed thermoluminescence

measurements, obtaining as results the glow curves peaking at ∼125,∼225, ∼470 and ∼600 K,
i.e. the thermoluminescent traps could lengthen the luminescence decay at temperatures at
least as low as those mentioned. Hence none of them could give a contribution to the long
component seen at 10 K. Therefore we can only resort to the first option, i.e. to the very low
rate of nonradiative transitions between triplets of (3d12p5) configuration of the Cr5+O− centre
and ground state singlet of (3d02p6) configuration of the Cr6+ centre. In the case of a very high
barrier between these states and a very low temperature the millisecond decay times seem to
be likely. The results of the ESA measurements appeared to support this hypothesis.

6. EPR measurements

To make sure that, apart from the [CrO4]2− group (Cr6+ ions) we deal also with the Cr5+ ions of
six-fold coordination, we have performed EPR measurements. The EPR spectra were detected
at RT using a Bruker B-ER-418SM spectrometer. The microwave frequency was determined
with the use of a Marconi Instruments frequency meter (18 GHz microwave counter 2440) with
a precision of 1 kHz. The two Cr-doped silica sol–gel glass samples showed similar double
EPR lines for both. The typical resulting spectra are presented in figures 10(a), (b) for green
and yellow samples, respectively. In table 1 the magnetic induction values for characteristic
positions A, a, b of registered lines as well as the corresponding g factors are specified. The
values of peak-to-peak widths �Bpp and the distances of maxima (Ba − BA) are also presented.
The most important features of the spectrum are the double-line character and relatively small
linewidths (in comparison to that of Cr3+ ions sometimes occurring in other glasses). Because
in our sol–gel glass there is practically no trace of Cr3+ ions (otherwise they would be seen in the
optical spectra) both mentioned features can be connected with the existence of the Cr5+ ions
in the octahedral coordination. Typical EPR spectra for Cr3+ ions show �Bpp of some hundred
G that are usually associated with the ion–ion interactions [34]. A very low background of
this type is also observed in our measurements. �Bpp for Cr5+, however, are always smaller
than 40 G [35]. As is seen in our samples �Bpp is of about 20 G. This indicates that in the
measured samples the chromium activator occurs in the form of a pentavalent ion. The next
consideration is the double-line structure. Because the g factor should be insensitive to the
magnetic field direction (the directional distribution of the Cr5+ sites in glass is quite isotropic)
the double-line structure suggests that the Cr5+ ions are situated in two different positions.
As shown in [36] such a structure is typical for the six-fold-coordinated Cr5+ ions where a
number of them resides in tetragonally distorted sites, i.e. where the Cr5+ ion is displaced
from the centre of the octahedron along one of the cubic axes. The tetragonal distortion,
being a deviation from the full symmetry, is then connected with a relaxation of the orbital
degeneration in the ground state [22, 36]. This is equivalent to the mentioned JT effect and
additionally supports the described double structure seen in the LT luminescence spectrum. In
this context a different balance of the two EPR peaks for our samples can be interpreted as a
different extent of the tetragonal distortions.

Such a situation leads, of course, to the appearance of two lines with different g factors,
as seen in table 1. Moreover, sample 2 (green) shows a lower intensity of the EPR signal
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Figure 10. EPR spectra for green (a) and yellow (b) sample.

Table 1. Parameters derived from the EPR measurements.

Samples BA Ba Bb �Bab
pp gA ga Ia

1 (yellow) 3442.170 3464.546 3478.249 13.703 1.984 90 1.972 03 525.4
2 (green) 3443.480 3463.554 3478.279 14.725 1.982 47 1.970 98 241.4

than sample 1 (yellow) although the chromium concentration in both is similar and even a
bit larger in the green sample. This can be explained by a different balance of the Cr5+/Cr6+

concentrations in the samples, suggesting that in the green sample, as a result of a little different
preparation conditions, more chromium ions reach a higher oxidation state and end up in a
Cr6+ nonparamagnetic form. Luminescence investigations seem to confirm this hypothesis.

7. Excited state absorption

The ESA spectrum, measured with the 308 nm excitation, is presented in figure 11. The
spectrum is expressed in terms of the absorption coefficient αESA and is free from the influence
of the GSA bleaching [5, 16] for the excitation ratios N∗/N0 smaller than 0.01, which is well
satisfied in our experiment. The double-band ESA spectrum suggests an existence of two well
defined states, terminal for the ESA transitions. We have attempted to fit those two bands by
two Gaussians on the energy scale.

According to interpretation of the ESA spectrum, we should first of all note that from the
simplest theoretical point of view there is no reason for any ESA to exist from the 2Eg state of
the Cr5+(Oh) ions to some higher lying states of these ions because they simply do not exist
since the Cr5+ is a typical d1 system with only one excited term, 2Eg (not counting the JT or
lower symmetry splittings). However, there is still a possibility for the ESA transitions from
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Figure 11. ESA spectrum for 308 nm excitation. Thin smooth lines are Gaussian fits.

this term to the states forming the conduction band of the glass phase or to possible CT states
in the frame of the [CrO6]7− group and, finally, as mentioned in section 3, to the CT states in
the frame of the [CrO4]4− group. The absorption and excitation spectra prove that the bottom
of the conduction band lies relatively close to the 2Eg state, hence the possible ESA spectrum,
if it exists, will be rather broad, structureless and positioned in the infrared range. We observe,
however, the distinct spectrum of two well defined bands and, in view of this, we can recall our
last results obtained for the Li2B4O7 glass activated by chromium [11] where a very similar
situation occurred.

According to the latter two options, i.e. possible ESA transitions to the CT states of the
Cr5+(Oh) ions or transitions to the CT states of the Cr4+(Td) ions, we can only state that in
the range of the experiment we do not observe any distinct features in the absorption and
luminescence excitation that could be connected with the CT in the Cr5+(Oh) ions, and for
Cr4+(Td) ions, in [11] we have observed and interpreted quite similar ESA spectra in the
material with no trace of Cr4+ ions.

Summarizing our points concerning the double-band ESA seen in [11] and in the present
work we can state as follows: the only centre responsible for the observed ESA spectrum is
Cr5+O− which forms via the CT transition in the frame of the [CrO4]2− group. The Cr6+O2−
centre is a typical example of the d0 complex of approximately tetrahedral coordination where
the highest filled molecular orbital of the ground state is made mostly of ligand 2p orbitals of
the t1π symmetry [37]. The GSA transition corresponds, simplifying, to the transition of one
of the electrons taking part in oxygen bonds to the free d0 orbital of the central ion, leaving
a hole in the bonds. This is the CT transition mentioned3. Thus the excited centre, Cr5+O−,
creates and in the crystal field its five-fold degenerated 3d12p5 electronic configuration splits
into a two-fold degenerated state of the 2e symmetry and a three-fold degenerated state of the
4t2 symmetry. In the crystal field approximation both these states are distanced by the 10Dq

3 There are several papers treating the CT transitions rather as the redistribution of orbitals [38] and/or transitions
of a rather small part of the charge [39]. However, the simple CT model is still successful in describing the optical
properties of the system [11, 28, 30], whether the transfer concerns 100% or several per cent of the charge.
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Table 2. Parameters used to create the SCC diagram explaining the ESA spectrum shown in
figure 11.

Parameter κ h̄ω h̄ω′ kT CT1 CT2 �1 �2 �3 ESA1 ESA2

Energy (cm−1) 8000 250 200 200 27 029 46 200 3229 3171 2036 18 846 24 481

energy. The transitions between terms of this configuration, 3d12p5(t5
1, 2e) →3d12p5 (t5

1, 4t2),
are responsible for the higher (and narrower) ESA band. A second ESA band can be ascribed
to the transitions between 3d12p5(t5

1, 2e) and a term of different configuration, 3d22p4, which
can form after two consecutive transfers of electrons from ligands to the central ion. Such a
state, having a substantially different charge distribution, will be more strongly coupled to the
lattice and will be characterized by a different phonon energy. The relatively high strength
of the ESA can be consistent with the familiar theoretical fact that for the Td symmetry the
transitions should be of much higher probability than those for the Oh symmetry because of a
lack of inversion symmetry in Td.

Using the Gaussians that fit the experimental ESA spectrum and parameters taken from
the experiment we have attempted to construct a simple single configuration coordinate (SCC)
diagram, which can explain the double-band ESA spectrum. Apart from a single coordinate
we have assumed a harmonic approximation and linear coupling to the lattice, at least for the
states of 3d02p6 and 3d12p5 configuration. We have used the following experimental data: CT1

is the energy of the first CT peak in the absorption spectrum; �1,2,3 are the bandwidths at half
maximum (FWHM), respectively, of the CT1 band, lower energy ESA band and higher energy
ESA band; and ESA1,2 are the peak positions (on the energy scale) of the lower and higher
energy ESA bands, respectively. The definitions and equations leading to the unambiguous
determination of the SCC diagram were given in [11]. For our purposes we can add definitions
of three other parameters: κ—the elastic constant describing the parabolas curvature and h̄ω—
the phonon energy of the ground, first (2e) and second (4t2) excited state, and h̄ω′—the same
for the 3d22p4 state. The parameter CT2 plays the role of the fitting parameter [11].

Table 2 shows the parameters taken to create the SCC diagram as presented in figure 12.
The right-hand side of figure 12 shows the Gaussians fitting the experimental ESA spectrum
(figure 11). One can note that in figure 12 the Gaussian fit is not ideal (it is seen especially
for the lower and broader ESA1 band). We choose the Gaussians for simplicity: the actual
asymmetrical shape of the ESA1 band can be explained by the influence of the possible JT
effect of similar type as described in [40].

It is perhaps worthwhile noting that the presented SCC diagram is a great simplification,
which only provides an idea of how the double-band ESA can occur in the frame of the
[CrO4]2− group. However, it can explain a fundamental observation that the [CrO4]2− group
sometimes (like in the LBO glass [11]) does not give rise to the luminescence and sometimes
does (like in our sol–gel glass). The most important difference between these two systems is
the energy barrier between the 3d12p5, (t5

1, 2e) excited state and 3d02p6, (t6
1) ground state. The

lower barrier for the LBO glass and the much higher one for the sol–gel glasses can explain the
lack of [CrO4]2−-related luminescence in the former (because of the radiationless transitions)
and the presence of such a luminescence in the latter.

8. Discussion and conclusions

As we could see, the optical properties of the Cr:silica sol–gel glass are associated with two
types of centres: six-fold-coordinated Cr5+ ions and four-fold-coordinated Cr6+ ions, the latter
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Figure 12. SCC diagram explaining the ESA spectrum. The right-hand side shows the Gaussians
fitting the experimental ESA spectrum from figure 11.

Figure 13. Ball and stick model illustrating the ground and ESA in the frame of the [CrO4]2−
group.

occurring in the frame of the [CrO4]2− group. The Cr5+ ions are usually believed to occur in the
four-fold coordination of ∼Td symmetry [8, 41, 42]. However, as mentioned in [8] the loose
structure of the glass and corresponding ionic radii makes equally possible the occurrence of
the Cr5+ ions in ∼tetrahedral as well as in ∼octahedral coordination. We believe that, unlike
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Figure 14. Single-electron model explaining the GSA and ESA transitions in terms of molecular-
orbital energy levels in the tetra–oxo complexes, (a) GSA(CT1), GSA(CT2) and ESA2 transitions,
(b) ESA1 transition (see figure 12).

in [8], in our sol–gel samples the Cr5+ ions occur in the ∼octahedral coordination. Apart from
our EPR results and described JT effect with all the nuances typical for Oh symmetry, this can
be proved by the following simple consideration: in the case of the d1 system the 2Eg state is
distanced from the 2T2g state by an energy 10Dq being the measure of the crystal field. Since
transitions between these states correspond to the 10Dq energy the positions of the emission
band will be correlated with the fact if the Cr5+ ions occupy tetrahedral (Td) or octahedral (Oh)

sites. Taking the familiar relation (e.g. [43]):

10Dq(Oh) = − 9
4 10Dq(Td) (4)

and assuming the same strength of electron–lattice coupling for both types of sites, we can see
that the energy of the emission spectrum maximum reported for Cr5+ (Td) in [8] (6667 cm−1,
1.5 µm) translates, according to (4), to the energy 15 000 cm−1 (667 nm) which falls exactly
into the energy of the observed component of the emission spectrum ascribed to Cr5+(Oh) in
this work (see figure 2). Other arguments for such an ascription are: the occurrence of a very
characteristic behaviour typical for the JT effect in the d1(Oh) systems, described in section 4,
and our EPR results.

For the remaining part of the optical properties of the described material are responsible for
the transitions in the frame of the [CrO4]2− group. Figure 13 illustrates a simple ball and stick
model of the CT GSA (CT1,2) and the ESA1, ESA to the terminal double-electron state 3d22p4.
It is seen that the hole in the bonds after a CT1 or CT2 transition introduces an asymmetry in the
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complex, which could lead to the coupling to different vibrational modes than in the ground
state. The ESA1 transition causes the next modification of the complex (Cr4+O2− centre) which
now, having two holes in the bonds, should be even further from the fully symmetrical vibration
mode than the Cr5+O− centre. Such couplings to the lower symmetry modes are the bases of
the JT effect. Thus we can say that not only in the six-fold-coordinated Cr5+ centre does the
JT effect occur, but also in the four-fold-coordinated Cr6+ centre. Moreover, the deeper insight
into this mechanism suggests that the transition, Cr6+O2−→ Cr5+O−, can be associated with
the coupling to the three-dimensional mode τ whereas the transition, Cr6+O2−→ Cr4+O2− or
Cr5+O−→ Cr4+O2−, can be associated with the coupling to the two-dimensional mode ε. This
type of JT effect can explain the asymmetry of the ESA (especially the ESA1) bands [40].

On the other hand, the above model, explaining the double-band ESA in the frame of
the [CrO4]2− group, can be expressed in terms of the single-electron transition between the
molecular-orbital energy levels characteristic for the tetra–oxo complexes [28, 37]. It is seen
in figures 14(a), (b) presenting the simplified description of the situation before and after the
transitions.
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