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OHÕF substitution in topaz studied by Raman spectroscopy
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The Raman band related to the stretching mode of hydroxyl (OH2) centered at about 3650 cm21 is
investigated in several natural specimens of topaz single crystals with a composition Al2SiO4(OHxF(12x))2

within a wide range of OH mole fractions (x). The analysis of the OH band shape shows that its asymmetry
is due to an unresolved splitting in two peaks, centered at 3639 and 3647 cm21, labeled as OHA and OHB,
respectively. Although the asymmetry is drastically different for OH-rich and OH-poor topaz, we show that this
is only caused by the change of the OHA /OHB intensity ratio with the total OH concentration. In order to
explain the splitting of the OH band, we suggest a model which involves a reduction of the local symmetry
from D2h

16 to C2v
9 , resulting in two types of physically nonequivalent F sites (A and B) where the OH/F

substitution can occur. Both sites haveC1 site symmetries and a multiplicity of 4.

DOI: 10.1103/PhysRevB.65.104301 PACS number~s!: 63.20.Pw, 61.66.Fn
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I. INTRODUCTION

For more than a half-century the vibrational spectra
topaz, a solid solution of chemical formul
Al2SiO4(OHxF(12x))2, where 0,x,0.3, have been a matte
of intensive investigations using Raman1–5 and infrared
spectroscopies.5–13 Most of these studies were related to t
investigation of the symmetry of topaz as well as the OH
substitution. Although no definitive answer has yet been
tablished concerning the space group, much has been lea
about the influence of the OH/F substitution on many of
physical properties such as, e.g., the refraction index
specific weight. On the other hand, much less is known ab
the relationship between the OH/F substitution and the c
centration of color centers.

One of the first investigations of OH in topaz was done
Krishnan in 19471. Besides the lattice modes and the flu
rescence band attributed to Cr31 impurity substituting for
Al31, a Raman band related to the OH stretching mode
3649 cm21 was also observed.1 It was argued that the fre
quency of the OH infrared-absorption band at 3600 cm21

was fairly coincident with that of the frequency-shifted R
man band.1 In the same work, Krishnan also reported t
observation of a weak shoulder at about 3636 cm21. No
symmetry considerations involving group theory were do
at that time.

In 1987, roughly 40 years after the work by Krishnan,1 the
Raman spectra of a fluorine-rich topaz single crystal w
systematically investigated by Beny and Piriou.4 Based on a
complete group theory analysis for a topaz structure havin
D2h

16 space group, the lattice modes were assigned to the
man peaks and compared to the polarized infrared spe
Hydroxyl modes were found at 3650 and 1165 cm21.4 The
band at 3650 cm21 was, in the same way as mentioned
Ref. 1, also decomposed in two components at 3639
3650 cm21.4 These two peaks were assigned to two pro
vibrations~stretching modes! of the OH molecule substitut
ing for F.4 In addition to these two lines around 3650 cm21,
the Raman band at 1165 cm21 was assigned to the in-plan
bending mode of the OH molecule.4 Later, in 1992, an infra-
0163-1829/2002/65~10!/104301~6!/$20.00 65 1043
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red study of topaz confirmed the existence of a band rela
to the Al-OH bending mode at 1150 cm21, as well as a band
related to the stretching mode of OH at about 3600 cm21.12

Although the intensity of the 3600 cm21 band varied drasti-
cally from sample to sample, possibly due to the variable O
content, no splitting was found in the infrared spectrum12

The strong pleochroism of the infrared band was also int
sively investigated,7,8,10 and recently explained by the orien
tation of the OH dipoles in a direction tilted at 27.3° fro
the c axis in the~010!plane.13

With the advent of the topaz synthesis, and in particula
its OH end-member Al2SiO4(OH)2,14,15 the OH molecule
was again investigated. Wunderet al.14 observed a splitting
of the 3640 cm21 single asymmetric OH IR band of a natur
F-rich topaz in two components centered at 3600 and 3
cm21 for their synthetic OH topaz. To explain such a spl
ting, it was suggested that either~i! a lowering of the overall
symmetry from aD2h

16 (Pbnm) group to a noncentrosymme
ric groupC2v

9 (Pbn21) group, resulting in two distinct sites
with different vibrational frequencies; or~ii ! that the dou-
bling of the OH vibrations arises from nondegenerate O
splitting, i.e., Davydov splitting,14 which was also suppose
in Ref. 4.

However, lowering of the overall symmetry from D2h
16 to

C2v
9 is not yet well understood. Although several structu

studies based on x-ray data confirm aD2h
16 space group for

natural topaz~e.g., Ref. 16!, local distortions, resulting in
two types of nonequivalent lattice sites for F, with differe
nearest-neighbor distances, thus supporting a lower sym
try, were also reported.14–16 For OH-rich natural samples
another possibility for a lowering of theD2h

16 symmetry, to an
accentric triclinicC1

1 (P1) group, was also proposed.17,18An
ordering of the OH is usually described as the cause of
symmetry lowering. BothC2v

9 andC1
1 symmetries would al-

low pyroelectricity and piezoelectricity to be observed, wh
the same would not occur for aD2h

16 symmetry. In fact, there
is experimental evidence for pyroelectric and piezoelec
effects in topaz~as reported, e.g., in Ref. 19!, but such effects
are only anomalies which are consistent with a possible lo
©2002 The American Physical Society01-1
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symmetry reduction to a non-centrosymetric group as p
posed in Ref. 17.

In this work we present a Raman investigation of the
fluence of the OH molecules substituting for F as a funct
of the total OH concentration over a broad range, i.e., 0,x
,0.3. Special attention is given to the splitting of the Ram
band, which is associated with theAg stretching mode of the
hydroxyl molecule near 3650 cm21. A model for the splitting
that takes into account the lowering of the local symmetry
also proposed.

II. SAMPLES AND EXPERIMENTAL SETUP

Twenty-seven natural gem-quality single crystals of top
were investigated in this work. The samples were sorted
two distinct groups~see Table I!: type-I samples, with high
OH content; and type-II samples, with low OH content. Mo
type-I samples~TC1-TC11! were colored specimen~Imperial
Topaz, from Ouro Preto, Minas Gerais, Brazil! ranging from
yellow to pink. The type-I sample THK was a pink topa
from Katlang district~Pakistan!. Type-II colorless samples
came with two exceptions from Mexico~THD1-THD11,
THT!. The other two were from Brazil, TRO1~Rondónia!
and TMG1 ~Minas Gerais!, the former pale blue and th
latter colorless.

The F content of all samples was determined using e
tron micropobe analysis in the wavelength dispersive m
of a Jeol JXA-8900RL spectrometer. The measurement
rameters were a spot diameter of 20 nm, an accelera
voltage of 15 kV, and a sampling of about 5–10 points p
sample with a counting time of 10 s. The compositions
percent of weigth~wt %! of F were obtained with help o
standards; CaF2 and NdF3. The F-content results for sample
THT ~Zacatecas, Mexico! and THK ~Katalang, Pakistan!
were in good agreement with an earlier analysis~see Ref. 19,
Table 3.1!. In order to check the accuracy of the micropro
analysis, the F content was also indirectly estimated for s
eral samples by means of the refraction indexesnx andny ,
measured with a gemmological refractometer~Eickhorst!
~see Refs. 19 and 20 for details of the calculation!. The re-
sults, including the OH molar content (XOH in percent!, are
listed in Table I.

For the Raman measurements a DILORXY spectrometer
has been used, with an argon-ion laser as an excita
source (l5514.5 and 457.9 nm!. The typical spectral reso
lution was 2 cm21. All spectra were recorded at room tem
perature using a backscattering configuration, and with
light polarized along thec axis of the topaz samples, thu
perpendicular to their basal cleavage plane~001!.

III. EXPERIMENTAL RESULTS

Four representative Raman spectra of the OH band rel
for type-I and -II samples with different OH contents a
shown in Fig. 1, after normalization of the intensity using t
SiO4 lattice mode Raman band at 936 cm21. For compari-
son, the Cr31 background luminescence band of the color
topaz specimen was subtracted@Fig. 1~a!#. The spectra
shown in Fig. 1 represent all types of topaz found in natu
10430
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with extremes in the concentration of OH. The shapes of
bands are clearly different. The bands of all type-I samp
and two of the type-II samples~TRO1 and TMG1! can be
decomposed into two Gaussian lines centered at 3639
3647 cm21, which we call OHA and OHB , respectively. For
OH contents lower than 10% (x,0.1), e.g., sample THD5
only one band was observed (OHB) at 3647 cm21 @Fig.
1~c!#. For samples withx,0.07, no band was detected in th
spectral region@Fig. 1~d!#.

Figure 2~a! shows the Raman spectrum of the OH-ri
type I sample~TC1! as a function of the laser power (l
5514.5 nm). Figure 2~b! shows the same spectrum for e
citation light with two different wavelengths of the Ar lase

TABLE I. Investigated topaz single crystals with their color,
content as determined by electron microprobe analysis in wt %,
molar fraction based on the microprobe analysis, and F conten
wt % estimated from the refraction indexesnx andny .

Sample Color wt %~F! XOH wt % ~F!

~%! (nx ,ny)

Type I ~OH-rich!

TC1 a Yellow 16.060.2 23 -
TC2 a Yellow 16.060.2 23 1662
TC3 a Yellow 14.760.1 29 -
TC4 a Yellow 14.760.1 29 1561
TC5 a Yellow 15.760.1 24 -
TC6 a Orange 16.160.3 22 1661
TC7 a Orange 15.760.1 24 -
TC8 a Orange 16.360.3 21 1562
TC9 a Pink 15.560.3 25 1661
TC10a Pink 15.060.4 28 1561
TC11a Pink 15.460.1 26 -
THK b Pink 15.260.2 27 1561
Type II ~OH-poor!
THD1 c Colorless 19.660.2 5 2162
THD2 c Colorless 20.760.2 0 -
THD3 c Colorless 20.860.2 0 1962
THD4 c Colorless 19.760.2 5 -
THD5 c Colorless 19.360.2 7 2162
THD6 c Colorless 20.760.2 0 2162
THD7 c Colorless 20.760.2 0 1962
THD8 c Colorless 20.760.2 0 2162
THD9 c Colorless 20.560.2 1 2062
THD10 c Colorless 20.060.2 3 2162
THD11 c Colorless 20.560.1 1 2162
THT d Colorless 20.760.2 0 -
TRO1e Pale blue 17.860.1 14 2061
TMG1 f Colorless 18.060.1 13 -

aOuro Preto~Brazil!.
bKatlang ~Pakistan!. Fluorine content known from Ref. 16, Tabl
3.1: 15.78 wt %~F!.

cDurango~Mexico!.
dZacatecas, San Luiz Potosi~Mexico!. Fluorine content known
from Ref. 16, Table 3.1: 20.2 wt %~F!.

eRondônia ~Brazil!.
fMarambaia~Brazil!.
1-2
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FIG. 1. Raman lines associate
with the OH stretching mode, af
ter normalization of the intensity
with the SiO4 lattice mode mea-
sured at 300 K with the light po-
larized along thec axis and an ex-
citation wavelength of 514.5 nm
~a! sample TC1, OH -rich (XOH

523%); ~b! sample TMG1, inter-
mediate OH (XOH513%); ~c!
sample THD5, OH -poor (XOH

57%); ~d! sample THD2 (XOH

,5%).
.
nd

n
h
le

th
f
at

r
a

y

y
th
om

ha
an
II
ile
a
6
o

tri
-
an
in

ds
514.5 nm~green! and 457.9 nm~blue!. The spectra of Figs
2~a! and 2~b! consist mainly of the asymmetric Raman ba
centered at about 3650 cm21.

From Fig. 2~a! one can see that the band positions a
shapes are independent of the excitation, a result whic
expected for Raman bands and not for features due to e
tronic transitions, e.g., luminescence. For excitation with
green line of the laser a superposition with the onset o
broad red luminescence band was observed, which is rel
to the crystal-field transitions of Cr31 substituting for Al31

in a distorted octahedral site.1 The same does not occur fo
the blue excitation. Similar spectra were observed for
type-I samples~Imperial topaz!, with drastic differences both
on the intensity of the luminescence band and asymmetr
the OH band.

Since type-I samples absorb in the visible range, mostl
blue and violet spectral regions, one could argue that
linewidths in such samples could be broadened, when c
pared to the Raman bands of type-II samples~colorless!, due
to a local heating by the green excitation light~see Fig. 1!.
However, this idea is easily ruled out by the observation t
increasing excitation power has no visible effect on the b
shape@Fig. 2~b!#. The spectra of colorless OH-poor type-
topaz are much different from OH-rich type-I samples. Wh
for a few THD samples, such as for example, THD5, it w
possible to observe a very weak symmetric band near 3
cm21 @Fig. 1~c!# for the other samples this band was n
measurable. On the other hand, the Raman spectra
samples TRO1 and TMG1 readily yielded an asymme
band centered at 3650 cm21. Even though there are differ
ences in the intensity, position, and band shape for type-I
-II samples, this band can be attributed to the stretch
mode of the hydroxyl molecule~OH! which is incorporated
10430
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FIG. 2. Raman spectra of OH-rich topaz~TC1! ~a! for three
excitation powers using the green line of an Ar laser and~b! for two
excitation wavelengths of the Ar laser. The inclined backgroun
are due to the superposition of the OH band with the Cr31 red
luminescence.
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M. V. B. PINHEIRO et al. PHYSICAL REVIEW B 65 104301
into the topaz lattice substituting for F.
Along with the drastic intensity difference, there are tw

main features that differ in the spectra of type-I and
samples. The first is the strong luminescence band of C31,
which was not observed in type-II samples, indicating t
the concentration of trace Cr31 in type-II samples is much
lower than for type-I samples. This is expected since
color center responsible for the pink in the OH-rich type
sample~Imperial topaz! is related to the Cr31 substituting for
Al31.19 The second feature is the shape of the OH ba
which is clearly different from that of the type-I spectra.

IV. DISCUSSION

The Raman spectra for two samples, one OH-p
~TRO1! topaz and one OH-rich~TC6! topaz, were measure
for the following symmetriesZ(YY)Z, Z(XX)Z, X(ZZ)X,
X(ZY)X, andY(ZX)Y, Z~YX !Z. For the first three, no dif-
ference in the line shape was observed, and for the last t
no band could be detected. Therefore, it was not possibl
apply the method described in Ref. 24 for inferring the
rection of the OH vibration. For the investigation of the s
occupation as a function of the total OH content, for con
nience we chose a backscattering configuration with the l
polarized along thec axis of the topaz samples, thus perpe
dicular to their basal cleavage plane~001!.

Earlier results of a Raman study of a single topaz crys
carried out at 77 K,25 revealed an OH-band with a lineshap
very similar to what we observed at room temperature
samples with low OH concentrations. For both, no splitti
could be resolved without fitting the line shape with tw
Gaussian peaks. Therefore, the asymmetric OH Raman
was fitted with two Gaussian peaks as a function of the t
OH content. The fit parameters are shown in Figs. 3~a!, 3~b!,
and 4 as function of the OH mole fraction. We observe
Fig. 3~a! that the peak positions shift to lower frequencies
the OH content increases. This is expected since thec pa-
rameter is insensitive to the OH/F substitution, whereas tha
andb lattice parameters increase, thus increasing the volu
of the unit cell.19 Figure 3~b! shows that the peak width
increase with the OH concentration, indicating that the latt
disorder also increases withx. Therefore, a possible orderin
of the lattice with the OH/F substitution resulting in aC1

1

symmetry, can be ruled out. The disorder, that increases
width of the peaks and decreases the Raman shifts asx be-
comes higher, may also be related to impurities which
incorporated in the lattice like, e.g., Cr31 and Fe31 substi-
tuting for Al31. These impurities were observed by electr
paramagnetic resonance and x-ray fluorescence in hi
concentrations for the OH-rich samples than for the OH-p
samples,21 as expected for larger unit cell and lattice sites

The natural questions that arise after this analysis are
following: ~i! Why do the intensities of the OHA and OHB
Raman peaks change with total OH content?~ii ! Can each
band be associated with a specific type of site? To answe
first question we must analyze Fig. 4. It shows the relat
normalized integrated intensities for the two OH lines a
function ofx. It can be observed that the intensity of the OHB
peak saturates at a lower level than that of the OHA peak.
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The OHB peak, that dominates the spectrum at lower O
contents, is rapidly surpassed by the OHA peak asx in-
creases. This result indicates that the substitution of F by
at B sites is more favorable for lowerx, whereas, for higher
x, as the volume of the unit cell increases, the situation
reverted and theA sites become more occupied.

This is true if we consider that there are two differe
types of sites in the topaz lattice where the substitution F/

FIG. 3. Dependence of band positions~a! and bandwidths~b! of
the OHA and OHB Raman lines as a function of OH content. Th
lines are from the best linear fit and serve as guide to the eyes

FIG. 4. Dependence of the integrated intensity of the peaks OA

and OHB as a function of the fluorine content. The curves are gu
to the eyes.
1-4
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TABLE II. Al - ~F,OH! bond lengths in Å , after structural refinements, for the two types of nonequiva
sitesA andB related to the two Raman peaks OHA and OHB .

Site x51 a x50.28a F topazb OH-Topazb X unknownc

A 1.833~2! 1.802~1! 1.788~1! 1.826~1! 1.791~2!

B 1.834~2! 1.808~1! 1.798~1! 1.834~1! 1.801~2!

B-A 0.001~2! 0.006~1! 0.010~1! 0.008~1! 0.010~2!

aReference 14.
bReference 15.
cReference 16.
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can take place. This leads us to the second question. In
precise structural refinements of synthetic OH-top
Al2SiO4(OH)2, as well as on natural topaz, confirmed th
the two types of F sites indeed have bond lengths differ
from the neighbor Al. This is shown in Table II. Since both
sites have different lengths for their bonds with the nea
neighbors their sites are physically distinct.

In order to relate the OHA and OHB peaks~site A andB)
with the two different F sites where the OH/F substituti
takes place, the integrated intensity of the OH peak a
function of x has to be considered. From Figs. 1 and 4, it
clear that the site related to the OHB peak becomes occupie
first, i.e., for lowerx. It is expected that the site with large
volume and thus larger bond length to first neighbors
comes occupied first. Therefore, we ascribe the two
peaks, OHA and OHB , to F/OH sites with smaller and large
Al-F/OH bond lengths, respectively, as shown in Table II a
Fig. 5.

For aD2h
16 space group of a topaz structure with four mo

ecules per unit cell, one would expect eight possible equ
lent F/OH sites with aC1 point symmetry.22 Even though
refinements of x-ray data reveal differences in the bonds
sites due to local distortions,14–16 the space group usuall
assumed for the interpretation of x-ray-diffraction data is
D2h

16 which has exactly the same systematic extinctions as
C2v

9 group.14 For a D2h
16 space group one would expect

single OH Raman band due to the eight equivalentC1 sites
available for the OH/F substitution.19

On the other hand, our experimental results show that
types of nonequivalent sites for the F/OH substitution m

FIG. 5. Local environment around two Al31 ions of the topaz
structure with aC2v

9 symmetry showing the two nonequivalent
sites~F and F8) located at the unshared octahedral edges. These
sites correspond to the two frequencies of OHA at F and OHB at F8.
The approximate directions of the OH vibrations, as determine
Ref. 13, are also shown in the figure. These directions are a
27.3° from thec axis in the~010! plane~the plane of the figure!.
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exist in the unit cell. Therefore, we must have four equiv
lent positions for each type of site, which is incompatib
with a D2h

16 symmetry. In this case each type of site will ha
a C1 point symmetry if the space group isC2v

9 , and the
number of Raman peaks will be two instead of one expec
for D2h

16 symmetry. This is consistent with our observation
two OH Raman peaks, as well as earlier attempts to exp
the doubling of the OH infrared line in synthetic topaz.14 A
symmetry reduction to aC1

1 group is readily discarded, sinc
for this case all F sites where the substitution may occur
nonequivalentC1 sites, thus yielding eight Raman peaks i
stead of two. The critical point for this model is how t
conciliate a possible localC2v

9 symmetry resulting in two
physically distinct types of sites for F in the unit cell, wit
the well acceptedD2h

16 symmetry as determined from x-ra
data where F occupies only one type of siteC1. If the two
types of sites are non-equivalent and the short-range sym
try is C2v

9 , as observed by Raman, there may be a twini
like static disorder or a dynamical disorder23 at long range
capable of averaging the two types of nonequivalent site
a macroscopicD2h

16 average symmetry as observed by x-r
diffraction. This type of disorder is consistent with eviden
of textural sectors with anomalous optical, piezoelectric
and pyroelectrical properties of topaz,17 also corroborating
evidence from neutron-diffraction studies which suggest
lower symmetry for topaz.18 In order to confirm a localC2v

9

symmetry, and to investigate either the short- and long-ra
symmetry-dependent texture of topaz and its relations
with disorder, symmetry-sensitive experiments are still de
mental. It should be noted that colored specimens of nat
topaz are always related to higher substitutions of F by O
possibly favored by the disorder and the greater unit cell

V. SUMMARY

The Raman spectra of natural topaz samples were
ported and analyzed for a broad range of OH concentrat
including OH-rich ~colored! and OH-poor ~colorless!
samples. The asymmetry of the Raman band at about 3
cm21, attributed to the OH stretching mode, is explained
an unresolved splitting from two distinct OH-related pea
centered at about 3639 cm21 (OHA) and 3647 cm21 (OHB).
From the behavior of the frequency shifts and widths of
two Raman peaks, we conclude that their dependence
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OH content is caused by disorder, possibly induced by
OH/F substitution and the higher concentration of impurit
in the OH-rich topaz. The changes in the relative intensi
of the two peaks with the OH content is related with
unequal substitution of F by OH in two physically distin
sites in the unit cell, theA and B sites, thus causing two
distinct proper frequencies. Finally, we conclude that in or
to explain the splitting of the Raman band associated w
the stretching mode of the OH molecule in topaz, a lower
of the local symmetry from theD2h

16 group to theC2v
9 group

is required.
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