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Abstract In this paper, the results of investigation of
luminescent properties of topazes from Ouro Preto,
Brazil are presented. It is established that all photolu-
minescence characteristics of variously colored topazes
are due to three structurally non-equivalent Cr3+ cen-
ters isomorphically substituting Al3+ in the topaz
structure and forming [CrO4F2]

7�, [CrO4OH,F]7�, and
[CrO4(OH)2]

7� complexes. Kinetics of thermal anneal-
ing indicates different thermal stability of these centers.
Less stable [CrO4OH, F]7�- and [CrO4(OH)2]

7� com-
plexes diminish in temperature range 950–1,100�C,
accompanied by appearance of corundum phase. The
most stable [CrO4F2]

7� centers completely decay at
1,250�C and luminescence spectrum of product obtained
becomes identical to that of Cr3+ in mullite indicating
that topaz completely transforms to mullite.

Keywords Topaz Æ Chromium Æ Luminescence Æ
Phase transitions

Introduction

Trivalent chromium, Cr3+, is the most stable state of
chromium and, therefore, widely spread in minerals
producing deep colors and bright photoluminescence.
For instance, the color of many natural and synthetic
gemstones like ruby, emerald, alexandrite, etc., is caused
by Cr3+. On this account, Cr3+ is subject of numerous
optical spectroscopic and luminescence investigations.
Further, Cr3+-bearing crystals are used in modern
technologies, for example, as solid-state laser materials.
Local properties of Cr3+ in minerals like crystal field
stabilization energy, symmetry, interatomic distances,
covalency/ionicity of Cr–O bonds have been studied in
great detail (e.g., Burns 1993 and literature cited there-
in). This interest is additionally enhanced by the fact
that some Cr3+-bearing phases are important constitu-
ents of the deep-seated mantle rocks.

Spectroscopic studies of chromium-bearing varieties
of the silicate mineral topaz, Al2(F,OH)2SiO4, are
interesting because the sixfold ligand surrounding of
Cr3+ varies with F� to hydroxyl substitution, the degree
of which is different and depends significantly on the
deposit. The OH/OH+F ratio in natural topazes varies
from 0 to nearly 30%. Due to non-random F� to OH-
substitution the orthorhombic symmetry of topaz
structure may decrease to monoclinic or even to triclinic
(Akizuki et al. 1979; Parise et al. 1980). FMOH substi-
tution noticeably distorts the local crystal field of Cr3+

centers and, hence, influences optical absorption (Taran
et al. 2003) and luminescence spectra (Tarashchan 1978)
of natural topazes. Therefore, this system is of a great
interest to be studied spectroscopically.

Luminescence of topaz has been investigated only
fragmentarily. Deutschbein (1932) reported lumines-
cence lines in the red part of the visible range at room
temperature and 77 K. Tarashchan (1978) attributed
some features of the steady-state luminescence of topaz
to both isolated and paired Cr3+ ions. Gaft et al. (2003)
recently studied laser-induced time-resolved fluorescence
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spectra of Cr3+ in natural topazes which were attributed
likewise to isolated Cr3+ and Cr3+–Cr3+ pairs as well as
to radiation-induced centers associated with chromium.
Further, different effects like non-homogeneous distri-
bution of chromium ions, luminescence centers of dif-
ferent crystal field strength and symmetry which in turn
are due to various isomorphic substitutions, extraordi-
nary strong splitting of electronic levels of Cr3+, etc.,
reveal individual features in experimental luminescence
spectra. To the best of our knowledge these features
have not been studied in detail until now.

In this paper, the luminescence of natural gem quality
chromium bearing topazes from Ouro Preto, Minas
Gerais, Brasil is reported. Special attention has been
paid to the influence of low local symmetry and different
local distortions of the Cr3+ centers on the luminescence
and excitation spectra to justify independently non-
equivalent Cr3+ centers in the topaz structure as re-
ported by Taran et al. (2003). The transformation of
theses centers by a high-temperature treatment of topaz
was another concern. Therefore, the photoluminescence
of variously colored Cr-bearing natural topazes an-
nealed at different temperatures was investigated as well
as the luminescence excitation spectra at room temper-
ature and 77 K. Moreover, the kinetic of thermal
bleaching of natural and irradiated topazes and the ef-
fects of annealing were studied on the basis of charac-
teristic luminescence features.

Experimental details

The investigation was performed on six topaz crystals,
K1–K6, recently studied by Taran et al. (2003). K1–K4
are differently colored crystals from Saramenha and K5
is a colorless topaz from Rodrigo Silva. K1–K5 are to-
pazes from Ouro Preto, Brazil. K6, a deep-violet topaz
from Kamenka, Ural (Russia) of extremely high chro-
mium content, 0.36 wt% Cr2O3, was studied for com-
parison. Large single crystals sometimes with several
centimeters side length were examined under a binocular
and a polarizing microscope. Then, samples free from
inclusions or other visible defects were cut from a uni-
formly colored zone of the crystals. However, the ob-
served intensity distribution of the Cr photoluminescence
suggests that even in such carefully selected samples
chromium is distributed inhomogeneously in agreement
with microprobe data of similar samples from Brazilian
deposits reported by Schott et al. (2003).

For the luminescence measurements the samples were
prepared as polished parallelepipeds of ca. 3·3·5 mm3

length. Powder �0.05 mm particle size was used for
measuring relative quantum efficiencies (RQE) of the
samples. The RQE outputs at different temperatures
were roughly evaluated by using a tungsten lamp with
optical selective filters providing a luminescence excita-
tion in the range 400–600 nm. The detector is a photo-
multiplier FEU-62 with maximum of the spectral
sensitivity around 700–750 nm. The photomultiplier was

attached to a low-disperse prism monochromator UM-2
with spectral slit width adjusted in such a way that the
whole range of the Cr3+ emission from ca. 660 to
750 nm could be covered. A difference in signal before
and after switching on the lamp was admitted to be
proportional to the RQE of the Cr3+ luminescence of
each sample.

The photoluminescence spectra were taken in the
range 200–1,000 nm at different temperatures. Selective-
excitation spectra and selective-luminescence spectra
were scanned at room temperature and 77 K using a
200 W high-pressure Xenon arc lamp and a 300 W
quartz halogen lamp as exciting light sources in the 250–
450 and 400–700 nm ranges, respectively. The light
passes through a water filter and is adjusted on the en-
trance slit of a 0.5 m grating monochromator. The flu-
orescence emitted from the front surface of the sample
was focused on the entrance slit of a MDR-23 grating
monochromator. The outcoming light was detected by a
photomultiplier FEU-100 attached to the exit slit of the
monochromator. In the spectral range of Cr3+ R-lines
the photoluminescence spectra were measured with
spectral slit width not exceeding ca. 0.7 Å. The amplified
signal was recorded with a strip-chart recorder. For
further purposes spectral curves were scanned, digitized,
and corrected for spectral response of the spectroscopic
system using a standard lamp.

The samples preparation and measuring of polarized
optical absorption spectra were performed as described
by Taran et al. (2003). The diameter of the measuring
spot did not exceed 500 lm. Spectra are normalized to
1.0 cm thickness.

Thermal treatments were performed at temperatures
from 200 to 1,300�C with a pot furnace powered by an
electronic device providing a temperature stabilization
±10�C.

Results and discussion

In addition to the microprobe data of Taran et al. (2003)
impurity contents of the topazes K1–K5 were deter-
mined by quantitative atomic emission analysis. As will
be shown below, all observed photoluminescence char-
acteristics of the topazes studied are caused by Cr3+

ions, whose concentrations (wt%) in the samples are as
follows:

It should be pointed out that besides chromium they
contain some other transition metal ions of concentra-
tions, except iron, significantly lower than that of
chromium. However, as we found, these elements do not
affect the luminescence characteristics of the samples.

K1
(violet)

K2
(yellow-rose)

K3
(orange)

K4
(yellow-rose)

K5
(colorless)

0.03 0.05 0.03 0.015 0.002
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Excitation spectra

Selective-excitation spectra of Cr3+ in sample K11 are
shown in Fig. 1a. The two broad bands around 410 and
580 nm in the excitation spectra are undoubtedly due to
the spin-allowed dd transitions of Cr3+ in sixfold coor-
dination, i.e., due to the transitions 4A2 fi 4T1 and
4A2 fi 4T2, respectively. Note that the maxima in the
selective-excitation spectrum are close to the maxima of
the spin-allowed bands in the Cr3+ absorption spectra
of this topaz (Fig. 1b).

The full-width at half-magnitude (FWHM) of the
4A2 fi 4T1 and 4A2 fi 4T2 bands (Fig. 1a) is rather
large, i.e., at 300 K (for emission monitored in 715 nm)
it is about 4,500 and 3,300 cm�1 and at 77 K (for
emission monitored in 682.4 nm line) 4,100 and
2,600 cm�1, respectively. These data support a multi-
Cr3+ center model of topaz (Taran et al. 2003). In ruby,
a-Al2O3:Cr

3+, for instance, which is a typical single-
Cr3+ center system, the FWHM of the 4A2 fi 4T2 band
is only about 2,000 cm�1 (Maiman et al. 1961; Tarash-
chan 1978). In mullite ceramics which are typical

examples for multi-Cr3+ centers the FWHM is about
4,900 cm�1 (Wojtowicz and Lempicki 1988) and, hence,
more than twice larger than in ruby.

Thermal annealing of the samples changes signifi-
cantly the excitation spectra. A weak line system appears
in the region 450 and 650 nm (Fig. 2). It is observable
only after annealing the sample at least at 1,000�C for 1–
1.5 h. The lines become stronger and more distinct after
annealing at temperatures higher than 1,100�C. This
development can also be tracked by significant changes
in the luminescence spectra where the emission from two
of the three mentioned non-equivalent Cr3+ complexes
gradually decreases so that after annealing at 1,150�C
only one type of the Cr3+ complexes is retained (see
below).

The narrow lines observed in the excitation spectra of
the annealed topaz K1 (Fig. 2) are characteristic for
many chromium-bearing crystals. They are attributed to
Cr3+ transitions from 4A2 to the excited states 2E, 2T1,
and 2T2 (e.g., Fairbank and Klauminzer 1973; Sviridov
et al. 1976). Spin–orbit interaction admixes 4T1- and

a

b

Fig. 1 a Selective-excitation spectra of Cr3+ ions in violet topaz K1
for emission monitored in 1 682.4 nm line (77K) and 2 broad band
at 715 nm (room temperature); b polarized optical absorption
spectra of topaz K1 at room temperature

Fig. 2 Selective-excitation spectra of Cr3+ of orange topaz K1
annealed for 1.5 h at 1 1,000�C, 2 1,100�C, and 3 1,150�C. The
spectra were recorded at 77 K in emission line 682.4 nm. Enlarged
part of the spectrum 3 in the range of 4A2 fi 2T1 transition is
shown in the inset. m0, R- and B-lines see text

1Although the results obtained are measured on different samples,
K1–K6, their luminescence characteristics are found to be quali-
tatively practically identical differing, due to different chromium
contents, only by intensity of the emission. As will be shown below,
due to somewhat different state of chromium in differently colored
samples (valence, clustering), relatively weak differences were ob-
served only in kinetics of thermal transformations of chromium-
bearing luminescence centers.
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4T2-states having the same spin multiplicity as the
ground state to the states 2E, 2T1, and

2T2. In absorption
spectra, this causes an intensification of the respective
absorption lines due to partial relaxation of the spin-
multiplicity rule for the intercombinational (DS=1)
electronic transitions 4A2 fi 2E, 4A2 fi 2T1, and
4A2 fi 2T2. In the excitation spectra of topaz these
transitions are much more intense than in a-Al2O3:Cr

3+

with comparable chromium content. The stronger
intensity in topaz might be caused by a powerful
admixing of the 4T1 and

4T2 states to the spin-forbidden
ones. This seems to be reasonable because of the high
distortion of the crystal field at the Cr3+ sites in topaz
which is evident from the relatively strong splitting of
2E-, 2T1-, and 2T2-levels in excitation luminescence
spectra. It should be noted that in the Cr3+ spectra of
annealed topazes the splitting of the 2E-doublet to R1-
and R2-lines, of the 2T2-triplet to R¢1-, R¢2-, and R¢3-
lines and of the 2T1-triplet to B1-, B2-, B3-lines are
comparable with those of tetragonal and rhombic cen-
ters in MgO:Cr3+ (Fairbank and Klauminzer 1973). In
the excitation spectra of all annealed topazes an addi-
tional line m0 appears at 15,694 cm�1 in the range of the
4A2 fi 2T1 transition (inset Fig. 2). We suppose that m0
is a zero-phonon line (ZPL) of the vibronic 4T2-band.
Spectral position and assignment of the bands and lines
observed in the excitation spectra of the annealed topaz
K1, registered at 77 K at emission in the R1-line, are
summarized in Table 1.

Luminescence spectra

Steady-state photoluminescence spectra of Cr3+ in nat-
ural light-violet topaz K1 excited at kexc=546 nm (4T2-
band) and kexc=365 nm and registered at 300 and 77 K

are shown in Fig. 3. The room temperature spectrum
(Fig. 3a) consists of several lines having different line
width. They superimpose a broad unstructured band
with maximum at around 715 nm (�14,000 cm�1) as-
signed to the electronic 4T2 fi 4A2 transition of Cr3+.
At 77 K the line spectrum (Fig. 3b) consists of an in-
tense doublet at 682.4 and 678.2 nm. Such doublet, i.e.,
a relatively intense R1-line and partly ‘‘frozen out’’ R2-
line is characteristic for Cr3+ and is caused by the spin-
forbidden 2E fi 4A2 transition. Some of the weaker and
broader bands at higher wavelengths (see spectrum
‘‘·10’’) are obviously phonon satellites of these later
zero-phonon transitions, R1 and R2. Because the sa-
tellite lines superimpose the broad band its maximum
can only be estimated to be between 710 and 720 nm.
However, as seen from the comparison of Fig. 2 with
Fig. 3, the shape and the position of this broad band
correspond to the 4A2 fi 4T2 absorption band mirror-
inverted against the ZPL, m0, at 15,694 cm�1. The
Stoke’s shift in this case is �3,400 cm�1.

Our investigations have shown that in all topazes
studied the structure of the steady-state luminescence
spectra is approximately independent of color and
composition of the samples when wavelength of exciting
illumination and temperature is kept constant. Of
course, due to the different Cr3+ content the intensity of
the emission bands and lines varies from sample to

Table 1 Wavelength, energy and assignment of bands and lines of
Cr3+ excitation spectra in topaz K3 annealed at 1,150�C, measured
at 77 K at emission in R1-line at 682.4 nm (14,652 cm�1) (cf.
Fig. 2)

Band Wavelength (nm) Energy (cm�1) Assignment

V 262 38,168 4A2 fi 4T1 (
4P)

Y 392 25,510 4A2 fi 4T1 (
4F)

427 23,419

B3 450.8 22,183 4A2 fi 2T2 (
2G)

B2 458.0 21,834
B1 466.3 21,445

U 560 17,857 4A2 fi 4T2 (
4F)

590 16,949

m0 637.2 15,694 4A2 fi 4T2 (
4F)

R¢1 645.3 15,497 4A2 fi 2T1 (
2G)

R¢2 643.5 15,540
R¢3 650.3 15,378

R2 678.2 14,745 4A2 fi 2 E (2G)
R1 682.4 14,654

V is not shown in Fig. 2

a

b

Fig. 3 Steady-state fluorescence spectra of Cr3+ in light-violet
topaz K1: a recorded at room temperature using different
wavelengths of excitation, 365 and 546 nm. Overlapped by the
narrow-line spectrum the 4T2 fi 4A2 emission band is tentatively
indicated by the dotted line; b recorded at liquid nitrogen
temperature and at excitation 546 nm
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sample. Besides, they significantly increase after a ther-
mal treatment.

The integral intensity of the overall Cr3+ lumines-
cence of the topazes K1–K5 was taken at 300 K and at
excitation in 4T2-band (650–750 nm). It is plotted versus
the chromium concentration obtained by atomic emis-
sion analysis and shown in Fig. 4. Except for topaz K3
there is an excellent linear dependence between lumi-
nescence intensity and chromium content. After
annealing at 600�C, all five samples fit perfectly a linear
dependence. This observation strongly evidences that in
the natural samples chromium is partly in a valence state
different from Cr3+, which, however, transforms to
Cr3+ at thermal treatment. This deduction is consistent
with that of Taran et al. (2003). The fact that just topaz
K3 ‘‘drops out’’ from the linear dependence corrobo-
rates this suggestion very well because in K3 a large
portion of chromium is found to be different from the
trivalent valence state (Taran et al. 2003).

With increasing annealing temperature the intensifi-
cation of the above mentioned luminescence lines de-
rived from 4A2 fi 2E, 4A2 fi 2T1, and 4A2 fi 2T2

transitions is accompanied by a gradual narrowing of
the broad spin-allowed Cr3+ bands in the excitation
spectra (cf. Fig. 2). Thus, at monitoring in 682.4 nm
emission line the FWHMs of the spin-allowed bands
measured at 77 K decreases from 4,100 to 2,900 cm�1

(4T1-band) and from 2,600 to 2,300 cm�1 (4T2-band) in
untreated samples and in samples annealed at 1,150�C,
respectively. The narrowing can be explained by weak-
ening and finally disappearing of certain spin-allowed

Cr3+ bands which originate from different Cr3+ centers
and first of all contribute to the overall width of the
4A2 fi 4T1 and 4A2 fi 4T2 bands of the multiple Cr3+

centers in the spectra of the untreated topazes.2 This
observation serves as additional justification of the
multi-center model of Cr3+ in topaz supposed by Taran
et al. (2003). It evidences that annealing decreases the
number of non-equivalent Cr3+ luminescence centers in
the topazes investigated here (see below).

R-lines

At 300 K the photoluminescence lines and narrow bands
of topaz K1 appear at 672, 679.2 nm (R2-line), 683.5 nm
(R1-line), 696, 700, 710, and 733.5 nm (Fig. 3a).
Decreasing the temperature from 300 to 77 K the
luminescence spectra change and the 4T2-band which is
present as a broad unstructured band at 300 K is com-
pletely ‘‘frozen out’’ (Fig. 3b). In contrast, all narrow
lines, especially the R-lines, become stronger and are
shifted by about �1 nm to shorter wavelengths. How-
ever, DR=R2�R1 remains practically unchanged and a
weak fine structure of the R-lines and the side-bands
emerges. Wavelengths and energies of R-lines and side-
bands in the luminescence spectrum of natural topaz
K1 at 77 K and excitation in the 4T2 band are compiled
in Table 2.

The linewidth of the lines in the spectra of topazes is
rather broad in comparison to the equivalent lines in
other chromium-bearing minerals. For example, at
excitation in the 4T2-band at 300 K the FWHM values
of R-lines are around 60 cm�1 and at 77 K ca. 40 cm�1,
whereas in natural ruby the corresponding values are 10
and 1 cm�1, respectively. Several different mechanisms
may broaden the luminescence lines in topaz. The two
most important ones are the general inhomogeneous
broadening and the broadening due to the superposition
of several non-equivalent centers of Cr3+. The first
mechanism can be observed in diluted single-center
systems especially in natural crystals. Structural defects
like point defects, anisotropic defects, dipole defects,
aggregates of impurity ions, dislocations, boundaries of
microblocks, micropores, etc., may result in local elastic
deformations around the luminescence centers. Espe-
cially defects allocated near crystal surfaces or phase
boundaries are effective. Their relaxation by annealing
causes significant narrowing of the luminescence lines
and is commonly used as a routine procedure to im-
prove, for example, solid-state laser materials (e.g.,
Kaminskii 1986).

The second mechanism, i.e., broadening due to line
overlapping caused by non-equivalent Cr3+ centers
seems to be a characteristic feature of the luminescence
spectra of the Cr3+-bearing topazes studied here. As
already assumed by Schott et al. (2003) and Taran et al.
(2003) the non-equivalent centers are Cr3+ ions with
different (O,OH,F)-ligand surroundings. At this juncture
the results of Akizuki et al. (1979) should be mentioned.

Fig. 4 Concentration dependence of the relative quantum effi-
ciency of Cr3+ photoluminescence in natural topazes K1–K5. The
relative quantum efficiency values are normalized to the value of
the relative quantum efficiency of colorless topaz K5, the minimal
among all samples studied, K1–K5

2We could not observe such narrowing of the spin-allowed bands of
Cr3+ in optical absorption spectra (Taran et al. 2003) because at
high-temperature annealing the samples become non-transparent
(foggy) and, thus inappropriate for optical absorption measure-
ments.
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The authors showed that different sectors of growth in
prismatic crystals of topaz from Ouro Preto differ in
(OH,F)-ordering and, therefore have different symme-
tries, orthorhombic, monoclinic, or triclinic in {001},
{hk0}, or {hkl} sectors, respectively. Thermal treatment
at 950�C for 4 h of the samples gave rise to OH, F-
disordering leading to an orthorhombic symmetry in all
growth sectors.

An interesting observation is the broadening and the
intensity variation of some luminescence lines when
exciting with different wavelengths. For K1 and K6
topazes this is shown in Fig. 5. The excitation at
365 nm causes a significant broadening of R1-line
luminescence in comparison with the excitation at
435 nm (4T1) or at 546 nm (4T2) (FWHM values are 95,
60, and 60 cm�1, respectively). For R2-line FWHM
value is practically independent of wavelength of exci-
tation, remaining nearly 55 cm�1 . Simultaneously, the
intensity of the side-bands at 710 and 734 nm is

noticeably higher when excited at 365 nm than at
546 nm (Fig. 3a). The intensity dependence of some
luminescence lines on the exciting wavelength was also
observed at room temperature by Gaft et al. (2003).
Liquid nitrogen temperature luminescence spectra,
however, do not show such effects. Although we cannot
explain this observation in detail it may be caused by
the tendency of chromium ions to form weakly coupled
clusters if present in sufficient concentration (e.g., Im-
busch 1967). Then, luminescence lines of Cr3+ in such
clusters may be subject to a weak splitting seen as
additional broadening of the lines. The spectrum of
deep-violet topaz K6 with the highest chromium con-
tent, which shows stronger broadening of R1-line than
that of topaz K2 (Fig. 5) seems to support this idea.
Existence of Cr3+-pairs and/or clusters in natural to-
pazes is in agreement with weak and broadened EPR
signals of Cr3+ in natural topazes with a high enough
chromium concentration (Schott et al. 2003).

4T2-band

As shown in Fig. 6, increasing the temperature from 77
to 500 K both R-lines and side-bands broaden and
weaken, so that at 500 K the luminescence spectrum
consists of a single broad structureless band which
maximum shifts from 715 nm at room temperature to
�700 nm at 500 K. Temperature-induced weakening of
R-luminescence cannot be explained by the mechanism
of resonant non-radiative decay of 2E-level because the
activation energy, Eact, of such a process is too high. In
ruby, for instance, Eact is �8.9 eV. Perlin et al. (1970)
studied this question theoretically and showed that at
low temperatures the probability of a non-radiative
tunneling decay of the excited Cr3+ 2E-level is negligible
in comparison with the probability of the radiative
electronic transition 2E fi 4A2. On the other hand, due
to quick electronic transitions between 2E and 4T2 with
increasing temperature the population of the short-lived
4T2-level increases which results in a decrease of the 2E-
state life time. Thus, the probability of radiative
4T2 fi 4A2 electronic transition increases. Therefore, the
temperature-induced weakening of R-line luminescence
should be accompanied by an intensification of the 4T2-

Table 2 Wavelengths k and
wavenumbers m

*
of R-lines and

side-bands in the Cr3+

luminescence spectrum of
natural topaz K1 at 77 K and
excitation in the 4T2 band,
546 nm. The R1- and R2-values
are obtained by curve fitting

aMeasured relatively to the lo-
west zero phonon peak R1 at
14,654 cm�1: Dm

* ¼ ðm*R1
� m

*Þ

k (nm) m
* ðcm�1Þ Dm

* ðcm�1aÞ k (nm) m
* ðcm�1Þ Dm

* ðcm�1aÞ

R2

677.6 14,758 700 14,286 368
678.2 14,745 708 14,114 540
679.4 14,719 710 14,085 569

R1

681.8 14,667 713 14,025 629
682.4 14,654 716 13,966 688
683.5 14,630 721 13,870 784

686.0 14,577 77 725 13,793 861
688.0 14,535 119 727 13,755 899
692.0 14,451 203 729 13,717 937
693.0 14,430 224 733 13,643 1,011
697.0 14,347 307 743 13,459 1,195
698.3 14,320 334

Fig. 5 Structure of luminescence R-lines in the spectra of K6 (1,1¢)
and K1 (2,2¢) excited at 546 nm (1,2) and 365 nm (1¢,2¢). The
spectra were measured at room temperature
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band luminescence and the overall quantum efficiency of
R- and 4T2-luminescence should remain nearly constant
at temperatures increasing up to �700 K (Kisliuk and
Moore 1967).

The probability of thermal excitation of electron
from 2E2 to 4T2 significantly depends on the difference,
DE, between the 4T2- and 2E2-levels. In ruby, for in-
stance, the 4T2-multiplet is �2,300 cm�1 above the 2E

state (Kisliuk and Moore 1967) and at �300 K it is not
populated (called ‘‘strong crystal field case’’). The
observed luminescence is caused only by 2E fi 4A2

transitions. The equilibrium between 4T2- and
2E-states

in ruby can be reached only at temperatures higher
than 400 K and, therefore, only at these temperatures
the spectra are a superposition of both 2E fi 4A2 and
4T2 fi 4A2 transitions (Gerlovin and Tolstoy 1975;
Kisliuk and Moore 1967). In alexandrite DE is
�800 cm�1 (Kaminskii 1986) and in emerald
�400 cm�1 (Kisliuk and Moore 1967). Therefore, at
room temperature the 4T2- and 2E-states in these two
crystals are in thermal equilibrium (called ‘‘intermediate
crystal field case’’) and even at room temperature the
spectra of alexandrite and emerald are a superposition
of both 2E fi 4A2 and 4T2 fi 4A2 transitions. In topaz
such equilibrium also takes place at room temperature
and in the luminescence spectra taken at 300 K the R-
lines, their vibrational satellites, and the 4T2-band are
distinct (Fig. 3a). This suggests that DE in topaz is not
too large which allows for a mixing of the two excited
states 2E and 4T2. By analogy with Mazurak (1994),
DE-value in topaz was estimated using a single config-
uration coordinate diagram built up on experimental
data obtained. We found that energy distance between
the states 4T2 and 4A2 of Cr3+ ion in topaz is
1,050±50 cm�1 that corresponds to a medium crystal
field strength.

Non-equivalent chromium sites

As shown in Fig. 7, at 77 K both the R2- and R1-line
could be fitted by three components denoted as A(R2),
B(R2), C(R2) and A(R1), B(R1), C(R1), respectively. The
distance between R2 and R1 in the doublets A(R2,R1),
B(R2,R1), and C(R2,R1) is �90 cm�1 and independent
of the chromium concentration. The three doublets
A(R2,R1), B(R2,R1), and C(R2,R1) are, therefore,
attributed to non-equivalent Cr3+ centers having a li-
gand surrounding with different portions of F and OH.
The fact that the shape of the R-lines at low tempera-
tures does not change from sample to sample and does
not depend on the chromium content evidences stable
Cr3+centers at definite structural sites in topaz. V4+-
EPR data taken from Brazilian topazes (Schott et al.
2003) also revealed a different F/OH/O composition of
the vanadium coordination. Assuming that chromium
and vanadium substitute aluminum complexes like
[CrO4F2]

7�, [CrO4OH,F]7�, and [CrO4(OH)2]
7� might

be formed. Further, beside similar Dq and splitting
values of their 2E levels the three non-equivalent Cr3+

a

b

c

d

Fig. 6 Emission spectra of topaz K6 at 77 K (a), 300 K (b), 400 K
(c), and 500 K (d), excited at 546 nm

Center R1 (cm
�1) R2 (cm

�1) DR (cm�1) FWHM (cm�1)

A 14,667 14,758 91 14
B 14,654 14,745 91 17
C 14,630 14,719 89 20
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centers exhibit at 77 K the following spectroscopic
parameters:

The difference RA�RB and RB�RC is 13 and
�25 cm�1, respectively, for both R lines. Such a large
splitting of R-lines can be explained only by structurally
different Cr3+ centers since the fine structure of Cr3+ R-
lines due to the splitting of the ground state 4A2 is much
smaller. For instance, the ground state splitting in ruby
is only 0.38 cm�1 and in emerald 1.8 cm�1 (Sviridov
et al. 1976). To proof the non-equivalence of the Cr3+

centers in topaz as well as to elucidate their nature we
took into account the capability of topaz to transform at
high temperatures to mullite a priori assuming that the
distribution of Cr3+ in topaz is equivalent to the one of
aluminum.

Stuckey and Amero (1941) studied first the structural
instability of topaz and concluded that the evaporation
of fluorine at 850–900�C is related to a transformation
of the topaz structure ending up with mullite. Kurilenko
(1962) asserted that structural transformations in topaz
take place already at �680�C accompanied by the
appearance of both amorphous silica and alumina. At
T‡1,000�C the latter transforms to c-Al2O3 acting as
catalytic converter at further thermal transformations of
topaz. Moreover, according to Kurilenko (1962) mullite
appears only at or above 1,700�C. da Costa et al. (2000)
did not observe any noticeable changes in the compo-
sition of topazes from Ouro Preto when annealing the
samples up to 1,000�C. The mass loss occurred first at
1,200�C which was attributed to the reduction of OH
groups. The second mass loss started at 1,320�C and was
explained by the reduction of fluorine and the formation
of mullite.

Therefore, transformations of the topaz structure at
temperatures lower than �1,000�C are questionable.
However, it can be asserted that the structural trans-
formation of topaz begins around 900–1,000�C and that
the final product is mullite. Keeping this in mind the

a b
Fig. 7 Curve fitting of the fine-
structured R1- (a) and R2-
emission line (b) taken at
excitation in maximum of
4A2 fi 4T2 absorption band
(kex= 546 nm) and 77 K of
topaz K2

Fig. 8 Effect of thermal annealing (1.5 h at each temperature) on
the luminescence spectra of yellow-rose topaz K2 excited at
546 nm. R-lines of Cr3+ in initial topaz and in the emerging
corundum phases are designated. The spectra were recorded at 77K
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luminescence spectra of the thermally treated topazes
K1–K5 will be interpreted in the following.

Annealing of a single crystal topaz was performed in
air and in steps of 200�C up to 800�C. Above 800�C the
step width was reduced to 50�C. The heating time was
1.5 h. For each annealing level a photoluminescence
spectrum was taken at both 300 and 77 K and the
intensity of R-lines was carefully monitored keeping the
measurement parameters constant. In Fig. 8 the influ-
ence of annealing on the luminescence spectra and in
Fig. 9 change of the shape of the Cr3+ R-lines are
shown. Up to 900�C the shape of the spectra does not
change besides a minor intensification of the side-bands.
Annealing at temperatures higher than 950�C in the
luminescence spectrum taken at 77 K lines at 693.4 and
691.9 nm appeared. They perfectly coincide with those
observed in ruby (e.g., Görlich et al. 1966) and are,
therefore, attributed to Cr3+ R-lines in a corundum
phase. From the components A, B, C of the Cr3+ R-
lines in topaz the components A and C exhibit an
intensity loss when annealing the sample K2 at tem-
peratures higher than 1,000�C (Fig. 9) whereas the
intensity of the component B increases. This increase is
not shown in Fig. 9 because for clarity all line intensities
are normalized to nearly the same reference value. In
reality, the concentration of B centers increases on the
expense of A and C centers. Parallel to these processes at
temperatures higher than �1,050�C Cr3+ luminescence
lines of Cr containing mullite appear and increase
(Fig. 8). After annealing at 1,150�C the luminescence
spectra of all topazes studied consist of a superposition
of spectra of the residual topaz phase (B centers), the

corundum and the mullite phase. The Cr3+ R-lines of
the topaz phase disappear after annealing the sample 3 h
at 1,250�C, those of corundum after annealing at
1,300�C (Fig. 10). At this temperature level the lumi-
nescence spectrum resembles strongly the spectrum of
Cr3+-doped mullite (cf. Wojtowicz and Lempicki 1988;
Knutson et al. 1989; Piriou et al. 1996).

To confirm that topaz annealed at sufficient high
temperatures transforms to mullite the excitation spec-
trum of K2 treated at 1,300�C has been compared with
the excitation spectrum of a synthetic Cr3+-doped
mullite crystal (Fig. 11a). The polarized optical
absorption spectra of the single crystal mullite are shown
in Fig. 11b.3 Comparing Fig. 11a, b, we adhere to the
statement that the main features of the Cr3+ absorption
spectrum of mullite which was studied in detail by Ikeda
et al. (1992) restore themselves in the excitation spec-
trum and is, therefore, caused by electronic transitions
of Cr3+. We assert that the excitation spectrum of K2
treated at 1,300�C is very close to that of mullite sug-
gesting that the obtained phase is indeed mullite.

The annealing of the topazes had a significant influ-
ence on the intensity of the luminescence spectra. This
can be established by intensity considerations of the R1-
lines in topaz and in the forming of corundum phase
(Figs. 8, 12). A weak intensification of the Cr3+ R1-line
after annealing K2 at 400�C is obvious. This may be
explained by change of valent states of chromium giving
rise to increase of Cr3+ concentration (Taran et al.
2003).

At � 950�C the topaz structure alters. The compari-
son with the luminescence of ruby reveals that at this
temperature in topaz a ruby-like phase arises. Further
annealing strengthens the ruby phase combined with an
increase of B centers and a decrease of A and C centers.

Fig. 9 Change of the shape of R-lines in luminescence spectra of
topaz K2 after consequent annealing at different temperatures (�C):
1 900, 2 1,000, 3 1,050, 4 1,100, 5 1,150, 6 1,200. The annealing time
at each temperature was 1.5 h. Spectra were recorded at 77 K and
with excitation at 546 nm. Though the intensity of the R-lines
increase with increasing annealing temperature more than one
order of magnitude, here, they are shown normalized to nearly the
same reference value

Fig. 10 Luminescence spectra of yellow-rose topaz K2 annealed at
1,250�C (1 h, solid line), 1,250�C (3 h, dashed line), and 1,300�C
(1 h, dotted line). The spectra were recorded at room temperature at
excitation in 546 nm

3As far as we are aware, polarized spectrum of Cr3+-doped mullite
is published for the first time.
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These processes reach their maximum at 1,150�C. Par-
allel to the intensity increase of the R-lines at
14,564 cm�1 (R1) and 14,745 cm�1 (R2) a significant
decrease of their FWHMs down to �6 cm�1 takes place
and between 1,050 and 1,100�C additionally mullite
arises. As seen from Fig. 8, further annealing heightens
the concentration of mullite accompanied by a simul-
taneous decay of the B center in topaz and finally by a

decay of the corundum phase. Strong intensification of
R-lines between ca. 1,000 and 1,200�C (Fig. 12) may be
explained by an increase of light scattering in topaz
which loses its transparency and becomes foggy. In such
a case multiple light scattering within the disperse opti-
cal medium and a longer light-pass occur increasing the
overall absorption of the light in 4A2 fi 4T2 and
4A2 fi 4T1 bands of Cr3+. This again results in an
increasing luminescence in the R-lines. This fact is well
known, i.e., due to the above-mentioned mechanisms
powder usually has a much larger RQE than a perfect
crystal from which it was ground (Smolskaya et al.
1985). Further, we believe that to some extent lumines-
cence in annealed topazes increases due to the increase
of isolated Cr3+ centers on the expense of Cr3+–Cr3+

pairs, for example.
Qualitatively the observed thermally induced changes

in the Cr3+ luminescence (Fig. 13) is consistent with
structural alterations in Brazilian topazes from Ouro
Preto studied by da Costa et al. (2000). These authors
showed that the low-temperature peaks of mass loss at
�1,200�C are caused by release of OH groups as H2O or
Si(OH)4. They established by infrared measurements
that the absorption band at 3,460 cm�1 caused by OH
vibrations completely disappears when the sample is
annealed at 1,200�C whereas this band is distinct in the
spectra of natural untreated topaz samples from Ouro
Preto. This undoubtedly evidences that the mass loss at
1,200�C is caused by release of OH groups. The peaks of
mass loss at �1,300�C are believed to be caused by re-
lease of fluorine (da Costa et al. 2000). The product
obtained after annealing at 1,380�C is identified by these
authors as mullite, Al6Si2O13. They also assume that
silicon releases from the structure as SiF4.

The thermally induced changes in topaz observed by
luminescence spectroscopy agree with the changes
established by da Costa et al. (2000) (Fig. 13). Nar-
rowing of the R1-line between 900 and 1,100�C indicates
a decrease of OH-coordinated A and C centers of Cr3+

(see above) and closely traces the change of Si/Al ratio in
topaz related to the release of OH groups. R-lines of the

Fig. 12 Effect of thermal
treatment on the B center
intensity of the R1-line in violet
topazes K1 (1) and in yellow-
rose topaz K4 (2). The R1-line
intensity in the Cr3+

luminescence spectrum in Al2O3

(3) which emerged by heating of
sample K1. The spectra were
recorded at room temperature

a

b

Fig. 11 a Excitation spectra of Cr3+ in a single-crystal mullite 1
and in a mullite phase generated in topaz K2 by annealing at
1,300�C (1 h) 2. The emission was monitored at 77 K in the range
of 692 nm 1 and at 300 K in the range of 720 nm 2. b Polarized
optical absorption spectra of Cr3+ in a synthetic single-crystal
mullite containing 0.5 wt% Cr2O3. The spectra were measured on
two oriented slabs, �0.80 and 1.13 mm thick, allowing measuring
in three polarizations, E||a, ||b, and ||c, and then normalized to
1 cm thickness
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topaz phase retain up to 1,250�C (Fig. 10) while the
width of the R1-line changes negligibly in the thermal
range 1,150–1,250�C (Fig. 13). From these we conclude
that the B center, Cr3+O4F2, retains up to ca. 1,250�C,
while the A and C centers, Cr3+O4FOH and
Cr3+O4(OH)2 complexes, respectively, containing hy-
droxyl groups are less stable and disappear at annealing
at 950–1,100�C. It should be mentioned that the trans-
formation temperatures obtained by luminescence mea-
surements (cf. Fig. 8) are noticeably lower than those
obtained by X-ray diffraction phase analysis used by da
Costa et al. (2000). This is due to the higher sensitivity of
luminescence by which much lower concentrations of
corundum or mullite phases during the thermal trans-
formations of the topaz structure can be detected.

Interesting and not yet described is the fact that
releasing of fluorine from the topaz structure by
annealing may be seen visually. We found that crystals
annealed at 1,300�C are usually covered by transparent
lustrous bubbles. When cooled to room temperature
(Fig. 14) they are very brittle and can be crushed down
by a weakest touch. We did not study the bubbles in
detail, but considering the temperature, 1,300�C, they
are very likely formed by liquid SiF4 exuded from
crystals at its thermal transformation and hardened at
cooling.

It should also be noticed that the thermally induced
structural transformations in topaz proceed usually in
an inhomogeneous way. Most of the samples studied
which initially looked as rather homogeneously colored
objects transformed at thermal annealing to zoned
crystals wherein a part of them still retains transpar-
ency and pink Cr3+-like color, whereas another part
turned into a milky-white ceramics-like substance. It is
essential that frequently but not always such transfor-
mations are structurally oriented, i.e., the ceramic-like
zones are evidently related to certain crystal faces. This
is well seen in Fig. 15 where a part of a topaz crystal
cut perpendicular to the c-axis and annealed at 1,000�C
during 2 h is still transparent and pink colored, whereas
the transformed white zone is obviously related to one
of the {001} prism faces. At further annealing up to
1,300�C the whole crystal turns into a ceramics-like
substance diagnosed afterwards by both luminescence
and X-ray diffraction methods as mullite. These facts
are very interesting and should be investigated in a
further work.

Conclusions

Photoluminescence characteristics of variously colored
Brazilian topazes are caused by Cr3+ entering the octa-
hedral site of the topaz structure as [CrO4F2]

7�, [CrO4OH,

Fig. 13 1 The dependence of
R1-line half-width on the
annealing temperature in violet
topaz K1. 2 Effect of the
thermal treatment on the Si/Al
ratio of an orange-yellow topaz
from Ouro Preto, Brazil,
according to the X-ray
diffraction data of G.M. da
Costa (2000). Both parameters
decrease rapidly in the same
temperature interval

Fig. 14 Two pieces of topaz K2 in a ceramic holder after annealing
at 1,300�C during 2 h and cooling down to room temperature. It is
well seen that the samples, which were colored transparent gem-
quality material have transformed to non-transparent milky-white
stuff. There are a lot of bubbles on the surface of the left sample
and one large bubble over the right one. We assume that the
bubbles are formed by harden SiF4, released from the crystal
during annealing
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F]7�, and [CrO4(OH)2]
7� complexes. This is experimen-

tally proved by monitoring intensity and half-width of
individual R-lines and studying thermal stability of the
complexes at annealing in temperature range 200–
1,300�C. As established, the two latter centers,
[CrO4OH,F]7� and [CrO4(OH)2]

7�, decay in the range
950–1,100�C that is accompanied by appearance of
corundum phase. The most stable [CrO4F2]

7� complex
disappears after annealing at �1,250�C and luminescence
spectrum of the product obtained becomes identical to
that of Cr3+ in mullite indicating that topaz transforms to
mullite. These results clearly evidence that luminescence of
Cr3+ may serve as a sensitive indicator of structural
transformations and phase transitions in topaz.
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