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The fractional intensities of different infrared vibration bands due to hydrogen impurities have 
been studied in clear natural quartz, amethyst, citrine and synthetic quartz. Integral absorptions 
of the different bands were found to increase linearly with total hydrogen concentration. The 
differences in intensity ratios for some prominent bands are distinctive for the type of quartz 
in some cases. The ratios of isotropic to anisotropic absorption from hydrogen impurities were 
found to increase with total hydrogen concentration. 

Introduction 

The infrared spectrum of a-quartz in the 3400 cm - 1 

region has drawn the attention of many workers for 
a long time [1—9]. The fine structure in the in-
frared spectrum of clear natural quartz has been 
studied by Kats [3] in a more qualitative way and 
by Bambauer et al. [4] in more quantitative terms. 
Extinction coefficients of some bands, individually 
or in combination with those of other bands, ŵ ere 
found to increase approximately linearly with total 
hydrogen concentration of the crystals [4]. For low 
hydrogen concentrations they were not well resolved 
in this study and hence could not be separated from 
neighboring absorptions. Kats [3] studied the in-
frared spectra of amethyst only qualitatively, and 
those for citrine were not analyzed at all. The fine 
structure in the infrared spectra of synthetic quartz 
has been discussed in detail earlier [8]. Varying 
proportions of the hydrogen content in amethyst, 
citrine and synthetic quartz crystals were found to 
be present as randomly oriented species [9]. They 
give rise to a broad absorption band and are pre-
sumed to be H2O molecules or H3O+ ions [10]. Per-
centages of hydrogen concentration with isotropic 
absorption were also reported for these types of 
quartz [9]. Barns et al. [11] quoted some unpub-
lished data indicating that the FLO/OH ratios for 
synthetic quartz vary between 1 and 7. 

This paper presents results of a study of the fine 
structures in the infrared spectra of clear natural 
quartz, amethyst, citrine and synthetic quartz. The 
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ratios of isotropic to anisotropic absorption from 
hydrogen were determined for these types of quartz 
as a function of total hydrogen content. 

Experimental 

The quartz crystals used in this study were from 
the following sources: 
a) clear natural quartz from the Swiss Alps and 

from Brazil, 
b) natural amethyst from Mexico and from Sibiria, 
c) natural citrine from Mt. Bity, Madagascar, and 
d) synthetic quartz crystals were grown at the Cen-

tral Glass & Ceramic Institute, Calcutta. 

From these crystals plates between 1 and 5 mm 
thick were cut parallel to the Z axis. Infrared spec-
tra were recorded at 78 K with a Grubb-Parsons 
Spectromajor infrared spectrophotometer. Samples 
were mounted in a cryostat so that the (unpolarized) 
light beam passed perpendicular to the Z-axis. The 
procedure for the determination of total hydrogen 
concentration has been described elsewhere [8]. The 
ratio of isotropic to anisotropic hydrogen was de-
termined from the areas under the broad isotropic 
band and under the sharp anisotropic bands of the 
infrared spectrum. 

Results and Discussion 

Table 1 lists the infrared vibration bands due to 
hydrogen impurities for clear natural quartz, am-
ethyst and citrine. The average fractional intensities 
for each of these bands (as percentage of total 
anisotropic absorption) are given in each case, the 
ranges of hydrogen concentration are also indicated. 
The fractional intensities in this table allow a com-
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Table 1. The wavenumbers of infrared bands o f clear nat-
ural quartz, annethyst and citrine in the region 3200 c m - 1 

to 3800 c m - 1 at 78 K . 

Clear natural 
quartz a 

Amethyst b Citrine0 

W a v e - Frac- Wave- Frac- WTave- Frac-
numbers tional numbers tional numbers tional 
( c m - 1 ) inten- (cm" 1 ) inten- ( cm- 1 ) inten-

sities sities sities as 
as as average 
average average of per-
of per- of per- centage 
centage centage of total 
o f total o f total absorp-
absorp- absorp- tion 
tion tion 
(%) (%) (%) 

3595 1 3595 1 
3585 4 3580 2 
3565 3 3565 3 
3550 3 3550 3 

3520 7 3520 4 3520 8 
3510 6 3500 6 3507 5 
3475 13 3475 11 3475 12 

3460 4 
3440 11 3440 11 3440 11 
3430 5 3425 7 
3395 6 3400 11 3395 4 
3370 38 3375 10 3370 18 

3355 9 
3310 14 3310 16 

3305 10 3305 1 
3250 9 3250 4 
3205 8 3205 1 

1 to 140 18 to 2850 106 to 330 
Hydrogen 
concentration 
H / 1 0 6 Si 

a average of 14 results. 
c average of 6 results. 

b average of 8 results. 

parison of the intensities of any two bands in the 
infrared spectra for each type of quartz separately. 
In the literature intensity ratios of only two or 
three prominent bands were available solely for 
clear natural quartz [1, 3, 4], 

Figures 1 to 3 show the relation between integral 
absorption of individual bands and total hydrogen 
concentration for clear natural quartz, amethyst 
and citrine resp. The integral absorptions of the 
bands at 3520; 3475; 3440; 3395; 3370 and 3310 
cm - 1 in clear natural quartz, the integral absorp-
tions of the bands at 3585; 3520; 3440; 3400 and 
3355 cm - 1 in amethyst and of the bands at 3520; 
3475; 3440; 3370 and 3310 cm-1 in citrine all in-
crease linearly with total hydrogen concentration. 
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Fig. 1. Relation between integral absorption (K) of the 
bands of 3520 c m - i , 3475 c m " 1 , 3440 c m - 1 , 3395 c m - 1 , 
3370 c m - 1 , 3310 c m - 1 and hydrogen concentration of clear 
natural quartz. 

As evident from Table 1, clear natural quartz and 
citrine have some absorption bands in common, but 
citrine shows some additional bands not present in 
natural clear quartz. The intensity ratios of some 
typical sharp bands are distinctly different for these 
two types of quartz. For example, "̂3370/̂ 3310 = 2.6 
and ül337o/-K"344o = 2.4 for clear natural quartz; the 
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Fig. 2. Relation between integral absorption (K) of the 
bands at 3585 c m - 1 , 3520 c m - 1 , 3440 c m - 1 , 3400 c m " 1 , 
3355 c m - 1 and hydrogen concentration of amethyst. 
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H Y D R O G E N C O N C E N T R A T I O N ( H / 1 0 4 S i ) 

Fig. 3. Relation between integral absorption (K) of the 
bands at 3520 c m - 1 , 3475 cm" 1 , 3440 cm" 1 , 3370 c m " 1 , 
3310 c m - 1 and hydrogen concentration of citrine. 

corresponding values for citrine are 1.1 and 1.6 resp. 
Smaller differences of intensity ratios are observed 
for common prominent bands of amethyst and syn-
thetic quartz: #3440/^3400 = 1 and #3400/^3355 = 
1.2 for amethyst, the ratios for synthetic quartz 
are 0.9 and 1.0 resp. [9]. 

Measurements of polarization factors for these in-
frared bands led us to conclude that the infrared 
spectra of synthetic quartz, amethyst and citrine 
are composed of two parts: a broad isotropic band 
on which sharp anisotropic bands are superimposed 
[9]. This broad isotropic absorption underlying the 
sharp anisotropic bands is shown in Fig. 4 b for 
citrine and in Fig. 4 c for amethyst and synthetic 
quartz. For clear natural quartz (Fig. 4a) no such 
broad band seems to exist. However, the absorption 
spectrum of hydrogen impurities in all these types 
of quartz is superimposed on the spectrum of lattice 
vibrational overtones as pointed out by Kats [3]. 
The necessary corrections for this underlying lattice 
absorption were made in all cases as described in 
detail earlier [8]. For concentrations above 300 H/106 

Si the ratio V of isotropic to anisotropic hydrogen 
in clear natural quartz appears to be slightly larger 
than zero, but too few measurements could be made 
in this concentration range to allowr a more quan-
titative statement to be made. 

For the other types of quartz this ratio F in-
creases with total hydrogen concentration Ch in a 
manner that can be described by the nonlinear 
equation 

F — K\- cn K-z- CH2 • 

WAVE NUMBER V [cm'j (C) 

Fig. 4. I R spectra of different types of quartz recorded at 
78 K : (a) clear natural quartz, (b) citrine, (c) am-
ethyst, synthetic quartz; u .b .b . — underlying 
broad band. 

When ch is measured in H/106 Si the values for 
and K2 are: 

#1 = 7.0 • 10-3 a n d k 2 = -f 3.0 • 10~6 

for synthetic quartz, 
Kx = 1.2-IO-3 and K2 = + 0.12 • 10"6 

for amethyst and 
#1 = 5.6 • 10-3 and Ko = - 3.0 • 10"6 

for citrine. 
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As seen from these constants, the increase of ran-
domly oriented hydrogen impurities is highest in 
synthetic quartz and levels off in citrines. 

Conclusions 

Although some infrared absorption bands of hy-
drogen impurities are common for different types 
of quartz, the different intensity ratios of some 
prominent bands in clear natural quartz and citrine 
can be used for their identification. For amethyst 
and synthetic quartz, on the other hand, the inten-
sity ratios are too similar to allow a clear distinc-
tion. The ratios of randomly oriented hydrogen to 
hydrogen impurities with fixed orientations increase 
in a different manner with total hydrogen concen-
tration in different types of quartz. The tacid as-
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