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Abstract. The optical properties of chromium-doped sodium silicate glass synthesized under
oxidizing conditions have been investigated. The method of preparation provides a large
concentration of Cr6+ ions, but absorption and emission spectra showed that a small amount
of Cr3+ (and Cr5+) ions are always present. TheDq-, B- and C-parameters of the crystal-
field theory for the Cr3+ ion were obtained, confirming the glassy nature of the sample. Cr3+
luminescence was observed in the near-infrared region, even at room temperature, confirming
the low value of the crystal-fieldDq. Moreover, the high ultraviolet transparency of this matrix
allows observation of a well resolved absorption spectrum of the Cr6+ ion.

1. Introduction

In the last three decades a great effort has been devoted to the study of glasses containing
transition metal and rare-earth element impurities [1–3]. One of the most investigated
impurity ions is Cr3+, and the large number of review articles and papers testifies to the
high level of interest in this field [4–6], even in connection with the development of lasers.
Currently, the basic features of Cr3+ in a large number of crystalline matrices are so well
established that this ion is extensively used as aprobe for studying the structure and the
local symmetry of new and exotic materials.

Moreover, in applications ranging from new optical material research to optoelectronic
and integrated optical devices, there is an increasing interest in glasses, due to their lower
production costs with respect to single crystals.

In this regard an interesting point is whether the host matrix is fully glassy or some
crystallites are present. In this regard also, the study of the optical properties of the Cr3+

ions can help to solve the problem. In fact, the optical properties of ion impurities in glasses
show differences with respect to the corresponding crystalline matrices. In particular, the
emission properties in the glass are characterized by broader emission spectra, a radiation
lifetime with a non-exponential decay law and a peculiar temperature dependence of the
quantum efficiency [7].

In nature chromium is known to occur both as Cr6+ and Cr3+. In minerals, the first
is found to be tetrahedrally coordinated by oxygen as [CrO4]2− or [Cr2O7]2− with Cr–O
mean distances ranging from 1.60 to 1.67Å. Cr3+ favours instead distorted octahedrally
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coordinated environments (as in Cr2O3), with Cr–O mean distances from 1.97 to 2.00Å.
In melts, physical properties such as density and viscosity are affected by the degree of
polymerization and therefore it is important to investigate the structural role of all of the
components, especially of the transition elements which may occur in these systems with
different valence and local geometry. Silicate melts can be synthesized, quenched to glass
and studied by a variety of spectroscopic methods in order to better understand the melt
structure and coordination environments of different melt components. The information
gained on Cr will relate to both the oxidation state and the local geometry.

In fact it is of interest to evaluate whether Cr occurs in polyhedra tetrahedrally or
octahedrally coordinated with oxygen; in the first case it may act as a network-forming
species and increases the polymerization degree of the melt, whereas in the second case it
may behave as a network modifier, interrupting the chains of SiO4 tetrahedral units. From
the point of view of the earth sciences, this information can give a better knowledge of the
physics and chemistry of magmas.

In this paper we point out the possibility of hosting easily impurity ions with different
valence in a glassy matrix. We investigate here a Cr-doped sodium silicate glass that shows
an excellent ultraviolet transmission, having an intrinsic absorption edge in the region of
5 eV. This allows us to extend the analysis up to 4.5 eV, well above the region where the
absorption attributed to the charge-transfer transitions of Cr6+ occurs. Moreover, silicate
glasses show higher emission quantum efficiency with respect to fluoride glasses [6], opening
up new possibilities in the exploitation of these materials as active elements in laser and in
optoelectronic devices.

2. Experimental results

The samples were synthesized using the following procedure: a mixture of oxides and
carbonates in suitable amounts (3 mol of SiO2 and 1 mol of Na2CO3) was finely ground
together with 3% (molar) of Cr2O3 and held at 120◦C for 24 hours to dehydrate. The
dried mixture was then put in a platinum crucible held at 900◦C for several hours in order
to de-carbonate, and then melted at 1675◦C in air. This process produces a consistent
amount of Cr6+. The rapid quench to room temperature was the last step for producing the
glass. The amorphicity and homogeneity of the samples has been checked under the optical
microscope using a suitable immersion oil.

Samples with lower Cr concentration were produced by means of dilution of the original
glass. The sample containing 3% of Cr2O3 was remelted with a suitable amount of undoped
material. In this way we obtained two other samples with nominal 1% and 0.1% Cr2O3

content. An undoped glass sample was also synthesized to be used for comparison as a
blank reference.

The absorption spectra were recorded by means of a commercial spectrophotometer
fitted with a closed-cycle cryostat in order to hold the sample temperature at fixed values
between 20 and 300 K. The spectral range investigated was 190–3000 nm.

The absorption spectra of the 1% Cr2O3-doped sample taken at 20 and 300 K, as well
as that of the undoped sample show a transmission range larger than that of other glasses
and crystals [1] (figure 1). The doped samples were cut from larger ingots, ground down to
0.5 mm in thickness and the surfaces were polished in order to decrease the influence of the
light scattering. The dominant feature in the spectra of the Cr-doped sample is a large band
at around 3.4 eV, a smaller one below 2 eV and some features between 2.5 and 3.0 eV.
The absorption bands do not change as the temperature increases up to room temperature
(RT). A slight difference on the high-energy side between doped and undoped materials
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Figure 1. Absorption spectra of the sodium silicate glass containing 1% Cr2O3 taken at 300
and 10 K. The thin line shows the absorption spectra of the blank sample.

could depend on the unequal polishing of the sample surfaces producing different amounts
of scattering.

More detailed measurements were performed on samples with different Cr contents in
order to assign the absorption bands (see below).

Figure 2. The absorption spectrum of the sodium silicate glass containing 1% Cr2O3 taken
at 300 K. The continuous line represents the fit of the absorption wings for extracting the
background gaussian-shaped band (see the text for details).

In figure 2 we show the absorption spectrum, taken at 300 K, of the lowermost energy
band of the 1% Cr2O3 sample. It shows the characteristic shape of the Cr3+ (4A2 → 4T2)
absorption. The structures that modify the gaussian line shape are due to Fano antiresonances
that appear when a large band and narrow lines are superimposed in the same energy region.
In the present case the large absorption band is due to the4A2 → 4T2 transition while the
narrower4A2 → 2E and4A2 → 2T1 transitions produce the modulation of the shape. In
figure 2 we also report (continuous line) the gaussian best fit obtained using the experimental
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data. In order to minimize the effect of the Fano notches on the determination of the
4A2 → 4T2 band parameters, we masked the Fano-related experimental points during the
least-squares fitting procedure.

Figure 3. Emission spectra of the sodium silicate glass containing 0.1% Cr2O3 excited by a
He–Ne laser (λ = 632.8 nm), taken at different temperatures.

In figure 3 we show the emission spectra, taken at different temperatures, of the 0.1%
Cr2O3-doped sample excited with an 5 mW He–Ne laser (λ = 632.8 nm). The spectra were
corrected for the spectral dependence of the apparatus by means of a calibration procedure
based on a known source (black body). The emission intensity is strongly temperature
dependent, as in most transition-metal-ion impurities, and it shows a remarkable blue-shift
as the temperature rises.

3. Discussion

The experimental data cannot be interpreted in terms of Cr3+ alone, but have to be analysed
in view of the coexistence of Cr ions of different valences. However, as witnessed by the
shape and energy position of the lowermost absorption band, Cr3+ is present in all samples
produced. We now begin to discuss this point.

The Cr3+ free ion has an external configuration with three equivalent d electrons giving
4F, 4P and2G spectral terms. When the ion is incorporated into a solid matrix (crystal or
glass) the states are modified, due mainly to interaction with six nearest-neighbour atoms
(ligand atoms). It is be noted that the symmetry of the CrO6 complex remains octahedral
or slightly distorted octahedral, independently of the crystallinity of the matrix. The metal–
ligand interaction can be theoretically described by means of a molecular orbital picture
applied to the CrO6 complexes or of cluster model [8, 9]. However, the energy values of
the Cr3+ multiplet observed experimentally can be fitted using suitable parameters into the
crystal-field scheme [4, 5, 8].

3.1. Absorption spectra

Significant parameters of this theory include the crystal-fieldDq-parameters and the Racah
parametersB and C, which can be evaluated from optical absorption transitions. In
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particular, the value of the crystal-fieldDq is given by the energy difference between
the ground and first excited state of the Cr3+, 4A2 and 4T2 respectively, and the result, for
our samples, is

Dq = E(4T2) − E(4A2)

10
= 194± 1 meV. (1)

In order to evaluate the relevantB-parameter we have to disentangle the higher-energy
side of the absorption spectrum. The value of the RacahB-parameter can be estimated from
the position of the two lowest-lying absorption bands:

Dq

B
= 15(x − 8)

x2 − 10x
(2)

with

x = E(4A2 → 4T1) − E(4A2 → 4T2)

Dq
. (3)

In order to solve this equation we need the energy position of the4A2 → 4T1 transition.
This transition is expected to be in the 2.4 to 3.0 eV range in order to have aB-value
compatible with literature data for crystals and glasses. Unfortunately the related absorption
band is hidden by the low-energy wing of the 3.4 eV band, so we can obtain information
only by means of a fitting procedure.

First of all we try to fit the experimental absorption data by means of a unique gaussian
band in the 2.5–3.2 eV region. The energy position of the4A2 → 4T1 transition so
estimated led to the valueDq/B ∼ 2.8, completely inconsistent with the emission findings
(see below). Moreover, in samples with different Cr contents, the relative height of the
band so obtained with respect to the well resolved4A2 → 4T2 band was not constant.

Figure 4. The absorption spectrum of the sodium silicate glass containing 1% Cr2O3 at 20 K.
Continuous lines show the gaussian components of the spectrum obtained as a result of the
fitting procedure.

For these reasons, we tried to fit the data with two gaussian curves in the intermediate-
energy region. Figure 4 shows the best fit of the Cr 1% sample absorption spectrum recorded
at 20 K. The fitting parameters (reported in table 1) yield a constant height ratio between the
1.94 and 2.90 eV bands for all the samples on which measurements were made. Substituting
the best-fit peak energies into equations (2) and (3) yieldsx = 5.0 ± 0.1 and aB-value of
106± 5 meV.
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Table 1. Fitting parameters of the absorption spectra with gaussian bands. The intensities are
related to the spectra of figure 4. The peak energy and half-width values are obtained as averages
of low-temperature spectra of different samples.

Intensity Peak energy Half-width
Band (arbitrary units) (eV) (eV) Transition

I 0.13 1.94± 0.01 0.33± 0.03 Cr3+ (4A2 → 4T2)
II 0.18 2.68± 0.01 0.42± 0.04 Cr5+
III 0.27 2.90± 0.01 0.25± 0.03 Cr3+ (4A2 → 4T1)
IV 3.51 3.44± 0.01 0.50± 0.03 Cr6+

The RacahC-parameter can be evaluated if we exploit the Fano structures (figure 2),
which are related to the4A2 → 2E and4A2 → 2T2 transitions. On the basis of investigations
by Sturgeet al [10], Lempicki et al [3] and Vodaet al [11], we fit the ratio between the
experimental data and the so-calledbackgroundαB of figure 2, i.e. the undistorted gaussian
shape obtained by a best fit of both wings of the structure, in order to exclude the effect
of the Fano notches. Various trials with different values ofαB were made. However, the
relevant parameter obtained did not depend significantly on the choice of the background
shape.

Table 2. Parameters of the fitting of the Fano structures. Details are given in the text.

q ωir

Transition ρ2 (eV) (eV) γ

4A2 → 2E 0.088 −0.372 1.84 0.0145
4A2 → 2T1 0.037 0.190 1.94 0.015

Figure 5 shows the experimental data and their fit to the expression

R(ω) = 1 + ρ2
1
q2

1 + 2q1ε1 + 1

1 + ε2
1

+ ρ2
2
q2

2 + 2q2ε2 + 1

1 + ε2
2

(4)

where

εi = ω − ωri

γi

. (5)

h̄ωri is the energy of the discrete level perturbed by the interaction with the pseudo-
continuum andγ −1

i is related to the lifetime of the same level. Theρ2-parameter (p
in the notation of [10] and [11]) gives the fraction of continuum states4T2 interacting
with sharp levels via spin–orbit coupling, and theq-parameter, ranging from−∞ to +∞,
characterizes the line shape: the closer to zero the value of|q|, the more similar to an
antiresonance (notch) is the line profile. The resulting parameters are reported in table 2.

From the energy position of the2E level we can evaluate theC-parameter, following
Rasheedet al [4]:

C

B
= 1

3.05

[
E(2E)

B
− 7.9 + 1.8

(
B

Dq

)]
= 3.4. (6)

Table 3 summarizes the parameter values. Using them we draw the Tanabe–Sugano diagram
for Cr3+ in this glass, shown in figure 6. It indicates the general behaviour of the Cr3+-ion
energy levels as a function of the local field strength measured in terms ofDq/B.
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Figure 5. Fano structures obtained from the ratio between the experimental data of the absorption
spectrum and the background gaussian shape. The broken line gives the best fit according to
equation (4).

Figure 6. The Tanabe–Sugano diagram of Cr3+ in sodium silicate glass obtained with the fitted
parameterC/B = 3.4. The arrow shows the field obtained.

Table 3. Crystal-field parameters of the Cr3+ ion in sodium silicate glass.

Dq (eV) 0.194± 0.001
Dq/B 1.8 ± 0.1
B (eV) 0.106± 5
C (eV) 0.360± 20
C/B 3.4

The arrow shows the value of the local field obtained by means of the above analysis
for this material. The value turns out to be rather low in comparison with that obtained
for crystals and other glasses. This value suggests a high value of the ligand–Cr distance
R as given by the relationDq ∝ R−n with n near 5 as obtained theoretically [12, 13] and
experimentally by means of optical measurements at variable pressure [14]. Moreover the



9066 M Casalboni et al

value ofDq/B is found to be in an intermediate region, close to the crossing point between
4T2 and the field-independent2E and2T1 energy curves. This implies broad-band emission
and possible tiny narrow emission lines, but despite our careful measurements no narrow
emission lines were observed.

We have to attribute the origin of the other band resulting from the fitting procedure,
whose peak is at around 2.7 eV.

An attribution of the band located at about 2.7 eV to the4A2 → 2T2 (t3) transition of the
Cr3+ ion is to be ruled out due to its large bandwidth in contrast with the low dependence of
the energy position of this transition upon the crystal field. Moreover the relative height of
this band with respect to the other Cr3+-related absorption bands is not constant for different
samples.

The band at 2.7 eV could be due to chromium in different valence states. However, Cr4+

seems to be ruled out because this ion shows in forsterite (Mg2SiO4) [15–17], absorption
bands at 1.2 and 2.0 eV. On the other hand Cr5+ has an absorption band at around 2.8 eV
in SiO2 glass [18].

Figure 7. EPR spectra at 77 K for glass containing 1% (top) and 3% (bottom) Cr2O3.

In order to definitively attribute this band, and to obtain information about the strong
absorption at 3.4 eV, we performed EPR studies at 77 K for all of the samples. In figure 7
we report the EPR spectra of the samples with nominal 1% (top) and 3% (bottom) Cr2O3

contents. In the first spectrum one observes, in the low-field region, the signal of Cr5+

with g = 1.977 and a linewidth of 25 G superimposed with the Cr3+ signal (g = 1.970
and a linewidth of about 700 G) [19]. In the high-field region one can observe ag = 4.92
signal due to Cr3+ and ag = 4.3 signal due to iron (an unwanted impurity present also
in the Cr-undoped glass). The spectrum is similar to that recently reported [20, 21] for a
biological system in which Cr3+ and Cr5+ are simultaneously present. On increasing the
Cr concentration (bottom of figure 7) the signal originating from Cr3+ dominates and hides
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all the other signals [19].
The 3.4 eV band, that is always present in the optical spectra as the most prominent

feature, and that turns out to be not correlated to any of the EPR structures, can be attributed
to the EPR-invisible Cr6+ ion and in particular to a Cr6+ charge-transfer transition. Few
data have been reported on this band in glasses. Smith and Cohen [1] observed absorption
bands at 3.37 and 4.68 eV in (Na2O)0.3(SiO2)0.7 glass containing 0.37% Cr when prepared
in oxidizing conditions and they attribute the bands to Cr6+. More recently, Rasheedet al
[4] reported a strong charge-transfer band at about 3.44 eV due to Cr6+ ions in commercial
ED-2 glass containing Cr2O3.

An absorption band in the high-energy region was also observed in heavily doped silica
coatings fabricated via the sol–gel method [(Cr2O3)0.2(SiO2)0.8] [22]. The authors attribute
the 3.35 eV absorption band to Cr6+ in tetrahedral sites. Similar data were presented by
Duranet al [23] and Ohta and Kurokawa [24]. The latter reference reports the presence of
the high-energy absorption bands in samples annealed at high temperature in air.

Charge-transfer spectra can arise from transitions involving the excitation of an electron
from an electronic state of the host crystal to a final state of the substitutional metal ion.
These transitions are generally fully allowed and the related absorption spectra consist of
intense bands at high energy [26, 28].

An estimation of their energy positions can be given following the phenomenological
theory by Jørgensen [25] making use of the relation

ECT (eV) = 3.72[xopt (X) − xopt (M)] (7)

whereECT is the energy position of the absorption peak of the charge-transfer transition,
andxopt (X) and xopt (M) are the optical electronegativities of the ligand and the metal ion
respectively. Taking into account the estimated value for the optical electronegativity for
the oxides (xopt ∼ 3.1) and its linear dependence upon the number of electrons for the
metal ion [25], we obtain forECT a value of about 3.8 eV that agrees fairly well with the
experimental value of 3.4 eV.

The absorption band is very insensitive to changes of temperature: only a small red-shift
of the peak energy (1E ∼ 20 meV) was observed from 10 K to RT, while the half-width
and the height of the band remain unchanged, at least within the limits of the experimental
error.

This behaviour is in contrast with that observed for other charge-transfer transitions in
fluoride crystals [27], showing an energy difference of 200 meV from RT to 10 K. However,
Tippins [28] did not observe any difference in energy position and width of the bands in
Al 2O3 between the RT and LNT spectra. Moreover our bandwidth result is 0.50± 0.01 eV,
similar to the value of 0.7 eV reported in [28].

The comparison among samples with different Cr contents shows that the relative
concentration of Cr3+ and Cr6+ varies, the former being preferred in more diluted samples.

3.2. Emission spectra

The emission spectra shown in figure 3 are characterized by a broad band, whose intensity
decreases on increasing the temperature due to a non-radiative transition toward the ground
state. An Arrhenius plot for this process yields an activation energy of 11 meV. We
point out that higher quantum efficiency was obtained for lower Cr concentration. This
concentration quenching of the luminescence was recently reported [29] together the well
known multiexponential decay time always observed for disordered [30] and glassy [31–33]
systems.
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Figure 8. A schematic representation of the mechanism of the blue-shift of the emission band.
As the temperature rises the non-radiative transitions from the lower parabolae towards the
ground state became more and more probable.

Our observation of the evident blue-shift of the emission spectrum as the temperature
rises is similar to the behaviour observed by Yamagaet al [7] for silicate glasses containing
Cr3+, which was related to site distribution of the excited-state energy. As the temperature
increases the excited states with lower energy (responsible for the lower-energy side of the
emission band) can perform a non-radiative transition toward to the ground state leading to
a change of the shape of the emission band. Figure 8 shows a configurational coordinate
scheme with different excited-state parabolae, indicated by the lettersi, j , k, . . ., related
to different environmental sites for the Cr3+ ion. It shows that all of the parabolae are
populated at the same time and thermal population does not play any role in producing
jumps among them. Each relaxed excited state (RES) can be coupled to the ground state
via a non-radiative transition with probabilityki , kj , kk, . . ., with ki < kj < kk due to
the different values of the barrier height1E. As the temperature rises the more probable
non-radiative de-excitation involves the lower-lying parabolae. The consequence of this
process is an apparent blue-shift resulting in the displacement of thecentre of gravityof the
convolution of different component emissions.

Attempts were made to reveal luminescence excited in the 3.4 eV absorption band, but
no emission was observed.

4. Conclusions

Absorption and emission measurements of silicate glass containing mixed-valence chromium
allow a quantitative analysis for the octahedrally coordinated Cr3+ and this reveals a low
value of the local field (Dq/B ∼ 1.80), as confirmed by broad-band emission.

The emission behaviour as a function of temperature and its blue-shift are typical of
disordered systems. Moreover the presence of a broad emission band in the near-infrared
region, observable even at room temperature, could be of interest, due to the easy synthesis
of this material.

Due to the high UV transparency of the matrix it was possible to observe an absorption
band attributed to Cr6+. No emission was observed on excitation of this band.
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