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Optical studies of biaxial Al-related color centers in smoky quartz
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ABSTRACT

Three optical absorption bands, 4,, A,, and 4, are associated with trapped hole centers
that develop when quartz containing A+ in a substitutional Si*+ site is subjected to ionizing
radiation. Studies of the directional anisotropy of the 4, and 4, optical bands in the quartz
basal plane show that they may interchange orientations from crystal to crystal in major
rhombohedral growth; this contradicts an earlier theory that the anisotropy results from
site selectivity of AI** occurring only in minor rhombohedral growth. Four crystallographic
directions have been found for the maximum intensity of 4, and/or 4;: [0110], [1340],
[1120], and [1450]. The removal of basal-plane anisotropy at ~500°C reported by others
was confirmed and is attributed to the homogenization of interstitial atoms providing
charge compensation for substitutional AI*+.

Thermal bleaching studies were conducted to investigate relationships among the 4 bands
and to observe their association with the B band, which is related to a trapped-electron
center. A plot of the Nf (product of number of absorbing centers times oscillator strength)
for the 4, band vs. the B band with bleaching temperature forms a straight line with a
slope ~ 1.0, which is identical to a comparable plot of the growth of the analogous Hj and
E; bands studied earlier in soda silica glass. This strengthens the model that the center
responsible for B is the trapped-electron analogue of trapped-hole center responsible
for A,.

Plots of Nf for A, vs. A;, A5 vs. A,, and A4, vs. 4, with bleaching temperature all form
straight lines, suggesting a close relationship among the centers related to these optical
bands. Since the center related to 4, is known to involve a single trapped hole, it is concluded

that all of these centers involve only one trapped hole.

INTRODUCTION

The beginning of our present understanding of the color
centers associated with the smoky color that develops in
most a-quartz upon exposure to ionizing radiation was
the discovery of an EPR signal whose intensity was related
to the intensity of the optical absorption in these samples
and the suggestion that the centers involved some foreign
atom, most probably 2’Al (Griffiths et al., 1954). A the-
oretical interpretation soon followed (O’Brien, 1955),
yielding a model that placed the Al atom at a substitu-
tional Si site in the lattice, with a hole trapped in a non-
bonding orbital on one of the nearest oxygens. It was also
stated that the four O atoms located at the corners of a
tetrahedron surrounding the Si site actually formed two
nonequivalent pairs and that only one pair was suitable
for formation of this center. This was later confirmed by
the EPR work of Schnadt and Schneider (1970), who con-
cluded that these suitable oxygens were slightly closer to
the Si than the remaining pair. The equivalency of these
oxygens was supported by the discovery of thermally ac-
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tivated hopping of the spin among the equivalent O sites
in crystalline quartz; this effect was not found in fused
silica, because local distortions make all four O sites non-
equivalent (Schnadt and Réduber, 1971). A recent report
by Nuttall and Weil (1981) shows EPR evidence that the
trapping oxygens are actually the pair located farther from
the Si site.

Mitchell and Paige (1954) found optical absorption
bands that they also associated with the smoky color of
irradiated quartz. These bands, 4, (2.0 eV) and 4, (~2.7
eV), were assigned to forbidden and allowed electronic
transitions by O’Brien (1955). Optical spectroscopy done
in polarized light showed that the 4, and 4, bands dis-
played anisotropy in the optic plane corresponding exactly
with the crystallographic axes of the quartz structure (Co-
hen, 1956). This, together with the fact that the Al content
of the specimens correlated with the absorption intensi-
ties, provided conclusive evidence that these absorption
bands were indeed associated with substitutional Al. EPR
work (Mackey et al., 1970) showed that the center mod-
eled by O’Brien could include an interstitial monovalent
ion (H+, Na+, or Li+) adjacent to the substitutional Al

Nassau and Prescott (1975) irradiated and heat treated
over 300 natural and synthetic quartz samples and found
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Table 1. Emission analyses of quartz crystals (atoms per 106
Si atoms)*
Sample
Element  X542-3'  Brazilian quartz?  R-27®  R-27** st

AT 734 222 445 734 156
B 278 NF ND ND NE
Ca 49 NF ND ND NF
Fe 54 NF 27 22 NF
Ge NF NF 579 598 NF
Li 285 87 865 727 NF
Mg 25 NF ND ND NF
Na NF NF NF NF NF
Ti 38 NF NF NF NF

*actual values believed to Tie between 1/3 and 3 times values
indicated. NF = not found; element below detection level.
ND = not done; no analysis performed for that element.

**D.C. plasma arc analysis done to confirm emission spectroscopic
method.

1. Major rhombohedral growth, courtesy K. Nassau, Bell Telephone
Laboratories, Murray Hill, N.J.

2. Brazilian quartz, courtesy E.W.J. Mitchell, Clarendon Laboratory,
Oxford University.

3. Rhombohedral growth, courtesy the late G. T. Kohman, Bell
Telephone Laboratories.

4. Rhombohedral growth, courtesy J. M. Stanley, Signal Corps
Engineering Laboratories, Fort Monmouth, N.J.

that the optical absorption spectra of some of these quartz-
es showed the 4, and 4, bands, but the samples showed
no smoky color. This corroborated the earlier finding that
the EPR and optical spectra did not always correlate di-
rectly (Mackey, 1963). However, upon further irradiation
of these unusual samples, the development of smoky color
was accompanied by the appearance of the EPR signal
assigned to the Al-trapped hole center and by the ap-
pearance of a previously unrecognized optical absorption
band at 2.9 eV, which was designated 4;. This discovery
opened the door to the most recent models for the trapped-
hole color centers associated with substitutional Al in
quartz (Cohen and Makar, 1982). These models suggest
that the 4, band is related to a center consisting of three
nonbonded oxygens attached to the Al, with a trapped
hole related to them; A4, is analogous, but only two non-
bonded oxygens are present; and only one nonbonded
oxygen is attached to the Al in the center associated with
A;. This is supported by the observation that only H; and
Hj absorption bands are seen in soda silica glasses (Na,O-
38i0,). These bands are analogous to the 4, and 4, quartz
bands, respectively, in terms of peak energy and width at
half maximum. The high soda content of the glasses pre-
cludes the presence of an analogue to A4,.

Nuttall and Weil (1981) presented an important review
of the magnetic properties of the O-hole Al centers in
quartz. They designated the center responsible for the A4,
optical band as [AlO,)°. Weil (1975, 1984) has reviewed
the literature to 1975 concerning the Al centers in a-quartz
and to 1984 concerning the EPR of defects in quartz in
general. These two review papers provide excellent ref-
erences to the literature on this subject.

An additional finding of importance to this work is the
anomalous pleochroism observed by Tsinober et al. (1967)
in basal-plane sections of smoky synthetic quartz of minor
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rhombohedral growth, which they attributed to a non-
random Al occupancy of Si sites that differed on opposite
sides of the seed plate. This effect was confirmed by Nas-
sau and Prescott (1978) for the 4; band, while the other
A bands did not differ on opposite sides of the seed. They
also felt that site selectivity of Al ions, possibly accom-
panied by charge compensators, was responsible. The
present work gives a different explanation for the anom-
alous pleochroism of the Al-trapped hole centers in the
basal plane of rhombohedral growth synthetic quartz.

EXPERIMENTAL METHODS
The samples

Four single crystals of a-quartz were used in this work, Their
sources, growth orientation, and chemical analyses are given in
Table 1. Using an optical interference technique (Nuttall and
Weil, 1981), sample R-27 was found to be left-handed, while the
other three crystals were right-handed. Two samples, X542-3
and the Brazilian crystal, were used for bleaching studies.

Sample X542-3 had previously been y-irradiated to saturation
and heated incrementally to 280°C, which had produced a definite
blue color in the quartz (Nassau and Prescott, 1977). This col-
oration was, however, quite uneven, and swirled patterns of deep-
er and paler color became more evident when the slices of this
sample were re-irradiated to the smoky condition. Therefore, a
3-mm area of fairly uniform color was selected in each slice for
optical measurements. Chemical analysis was done on the uni-
form area from the slice cut parallel to (1010); the uniform area
on the (0001) slice was slightly darker in color and was not ana-
lyzed. The Brazilian quartz had been previously X-irradiated,
showing pale smoky color. It was re-irradiated using °Co ~y-ir-
radiation to optical saturation of the absorption spectrum in order
to carry out bleaching studies. After this treatment, slices of the
sample were very uniform in color except for narrow darker bands
that could easily be avoided in the optical measurements.

Sample R-27 had also been previously X-irradiated. Thus it
was given a smaller y-ray dose because of its already high optical
density. While one region of this sample remained colorless, the
smoky area was quite uniform.

Sample B-4 was the only quartz received as a whole untreated
colorless crystal. Upon vy-irradiation it took on a banded or striped
appearance of light and dark smoky regions only fractions of a
millimeter wide. A 3-mm-wide group of dark bands was selected
for optical measurements and chemical analysis.

Sample preparation

All samples were crystallographically oriented using a standard
back-reflection Laue method (Wood, 1963). A diamond saw blade
of thickness 0.175 mm was used to cut slices parallel to (0001)
and (1010), except for sample B-4, where the latter slice was cut
parallel to (1210). For each sample, both slices were waxed onto
a flat polishing block and given a final polish with 0.3-um ceria
polishing compound, so that both slices had the same thickness.
The measured sample thicknesses were X542-3, 0.1445 cm; Bra-
zilian quartz, 0.1735 c¢cm; R-27, 0.1590 cm; and B-4, 0.1430 cm.

Gamma irradiation was done in a °Co cell, and estimated
doses were calculated from a measurement of the dose rate of
4.8 x 10° rads per hour, using a Victoreen Radacon III, model
550-1-5, equipped with a 550-6-25 probe. The estimated doses
were X542-3 and Brazilian quartz, both 138 megarads; R-27,
0.36 megarads; B-4, 115 megarads.
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Table 2. Absorption band peaks and widths at half maximum

electron volts (V]
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(W,,,) for Al-trapped hole and B centers in a-quartz [values in

Specimen and Orientation A] A2 | A3 E
absorption absorption | absorption absorption W
Bell Synthetic Quartz no. X542-3 band peak 1/2 band peak 1/2 band peak 1/2 band peak 1/2
major rhombohedral growth
slice cut atong {1070)
£ [0001] (r) 1.83 0.65 | 2455 0.85 3.00 11455 3.98 1.30
By [1210] (0)1 1.85 0.66 2.45 0.87 | 3.03 1.54 3.92 1.20
normal Tight 1.84 0.65 2z51 0.86 3.01 1455 3495 1.25
slice cut along (0001)
£l [0T10] (A2 max)z 2.40 0.85 3.85 1.20
Er [2770] (Ap min)3 2.44 0.87 3.92 1.25
after 500°C Ei [1340] (A3 max)” 3.03 1.40 3.88 1.15
after 500°C EI [43T0] (Ag min)® 3.00 1.40 3.97 1.15
before heating normal light 1.82 0.71 2.42 0.86 3.06 155! 3.89 28
after 500°C normal Tight 1.81 0. 68 2.38 0.85 3.02 1.40 3.92 1.15
|
U.S. Army Signal Corps.
Synthetic Quartz no. B-4
rhombohedral growth
slice cut along (0001)
£r [1340] (A max)* 2.43 0.83 3.97 1.18
£r [4370] (A, min)® 2.40 0.82 3.97 1.15
£1 [1720] (A5 max)® 3.0 1.43 3.9 1.20
€1 [1700] (A min)’ 3.00 1.45 3.95 1.18
normal light 1.84 0.69 2.4 0.83 3.00 1.43 3.96 1.18
Ball Synthetic Quartz no. R-27
rhombohedral growth
slice cut along (0001)
Ef [T120] (A max)® 2.43 0.81 3.97 1.20
£r [1700] (A, min)’ 2.2 0.83 3.92 1,18
£l [1350] (A3 max)® 2.95 1.44 3.92 1.22
£N [5310] (A3 min)? 2.93 1,40 3.93 1.22
normal 1ight 1.85 0.67 2.42 Q.82 2.96 1.41 3.93 1.20
Brazilian Quartz _
slice cut along (1070)
EN [0001] () 1.77 0.60 2.60 0.83 3.02 1.53 397 1.28
Er [1210] (t:r)1 1.88 0.60 2.55 0.87 3.03 1.53 13,97, 1.27
normal light 1.81 0.60 2.58 0.84 3.02 1.53 3.97 1.28
1. Electric vector (E) | to ay axis. 6. E I to ay axis,
2. E Lto a; axis. 7. ELlto a, axis.
3. EIN to a axis. 8. E -41° from a, axis.
4. E -44° from a, axis. 9. E +49° from a, axis.
5a

E +46° from 2, axis.

Thermal bleaching was done by heating the sample in a Fisher
Programmable Ashing Furnace, model 495, in air. To prevent
contamination of the crystal during heating, it was cleaned prior
to each bleaching step with pure dry ethanol. It was also placed
on a slab of pure, UV-grade fused silica (Corning 7940) during
heating. Temperature was monitored with a chromel-alumel
thermocouple, with the bead placed on the glass slab about 1
mm from the crystal. The heating rate used for this work was
5°C/min, and the time at the designated temperature was 2 h.
For the Brazilian quartz, 25° heating increments were used up to
325°C. Thereafter, 50° increments were required to produce no-
ticeable decreases in spectral absorption. For X542-3 quartz, the
initial 20° increments were cut to 10° because of the rapid bleach-
ing observed in the range 200 to 240°C. In the range 240 to
300°C, 20° increments were appropriate, and this was raised to
40° until 460°C, after which no changes were observed.

Spectrophotometric studies

Optical measurements were done at room temperature on a
Varian model 2300 spectrophotometer, which is a double-beam
instrument equipped with a computer for data storage and re-
duction. Polarization of the beam was accomplished usinga UV-
grade quartz Rochon prism, which was mounted in the entrance
wall to the sample compartment such that it could be reproduc-
ibly rotated in 15° increments. Although both the extraordinary
(e) and ordinary (0) rays are transmitted by this type of prism,
the 3-mm aperture used for the sample was sufficiently small that
the e ray was excluded from the light path. The sample holder
was modified so that the same optical area of the sample could
be maintained after each thermal bleaching treatment. Crystal
orientation was preserved through the use of inscribed guide
marks. Although the sample could be rotated in any increment
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Fig. 1. Gaussian resolution of the spectrum of sample X542-3

after spectral saturation_using y-irradiation. Data recorded with
light polarized along [1210] in the slice parallel to (1010).

because of its kinematic mount, sample rotation was done only
for the Brazilian crystal. For the other samples, the sample was
held stationary and the polarizer was rotated, primarily because
of the unevenness of the smoky color in samples X542-3 and
B-4. Although sample R-27 was uniformly colored, it was held
stationary so that anisotropy measurements were all done by the
same method. Normal light refers to light having only the internal
polarization of the instrument, without additional deliberate po-
larization.

Data reduction

Resolution of the spectra into gaussian components was done
using a DuPont 310 curve analyzer. Thermal bleaching data were
taken from difference spectra, which were calculated by subtract-
ing the spectrum of the bleached sample from that of the sample
after optical saturation using y-irradiation.

The product Nf (number of absorbing centers times the oscil-
lator strength per cubic centimeter) was calculated using the mod-
ified Smakula equation of Lax (1955, p. 127) and Dexter (1956,
p. 52).

RESULTS AND DISCUSSION

Spectra of each of the four crystals studied were re-
corded after vy-irradiation using normal light and using
light polarized along various crystal directions, as sum-
marized in Table 2. Figure 1 illustrates the resolution of
one of these spectra into gaussian components. The ab-
sorption-peak positions and widths at half-maximum
(W ;) determined by such resolution are given in Table
2 for the bands of primary interest here—A4,, 4,, A4,, and
B—and are in good agreement with those found by Nassau
and Prescott (1975). These bands are discussed in greater
detail in the following subsections.

The high-energy region of these spectra, i.e., above 4.0
eV, is quite complex. For the present work, five bands
were used for resolution in this region. The “C” band,
located anywhere between 5.8 (Mitchell and Paige, 1954)
and 6.4 eV, is composed of several bands, including the
E’, band. The E’| and E’, centers, with absorption bands
in quartz at 5.85 and 5.40 eV, respectively, have been
identified by EPR as trapped-electron centers (Weeks,
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1963; Weeks and Lell, 1964). A recent model for the E’,
center is the “relaxed O~ vacancy” model, where an O
atom and an additional electron are removed, and the
unpaired electron spends most of its time on one of the
two adjacent silicons (Gobsch et al., 1978). The E’, center
is thought to be an Si-O vacancy with an electron trapped
on the defect Si from which the O is missing (Weeks,
1963). In order to obtain acceptable approximations of
the experimental curves, it was necessary to include at
least one of two bands at 4.28 and at 4.5-5.0 eV that are
due to trapped-electron centers associated with Ge im-
purity in quartz (Cohen and Smith, 1958; Anderson and
Weil, 1959; Wright et al., 1963; Halperin and Ralph, 1963).
Although R-27 is the only sample shown by chemical
analysis to contain Ge in appreciable amounts, traces of
Ge are most likely present in all SiO, derived from natural
quartz (Cohen, 1959).

Difference spectra for each bleaching temperature for
Bell X542-3 and for the Brazilian quartz, totaling 66 in-
dividual spectra, were also resolved as shown in Figure
1. These spectra had been recorded using light polarized
with the electric vector parallel to [0001] and [1210] in
the slice cut along (1010). For the X542-3 quartz, spectra
were also recorded in the directions of maximum and
minimum intensity of the A, band, [0110]} and [2110],
respectively, in the slice cut along (0001). The Brazilian
quartz was isotropic in (0001). Plots of Nf versus bleaching
temperature for crystal X542-3 are shown in Figure 2 for
the A4,, 4,, A,, and B bands in selected crystallographic
directions.

Absorption-band anisotropy in the basal plane

Basal-plane anisotropy (anomalous pleochroism) of
various optical absorption bands associated with impuri-
ties in quartz has been observed by a number of investi-
gators (Tsinober, 1962; Tsinober et al., 1967; Hassan and
Cohen, 1974; Nassau and Prescott, 1978; Cohen and
Makar, 1985). Several of these investigators reported that
the orientation of maximum intensity for a given optical
band was at 90° to that of minimum intensity. Figure 3
illustrates a similar trend for 4, and A, bands in basal-
plane sections of three of the crystals studied here. As
mentioned above, the Brazilian quartz was isotropic in
the basal plane. The curves in Figure 3a and 3d were
obtained at 2.5 eV, the peak position for 4,, while those
in Figure 3b and 3c were taken at 3.3 eV, which is on the
high-energy shoulder of the 4, band, in order to minimize
interference from A,. Similar measurements were at-
tempted at 1.3 eV, on the low-energy shoulder of 4,, as
discussed below. The B band, at 3.95 eV, was found to
be isotropic in the basal plane. The orientations of the
absorption band maxima shown in Figure 3 were pin-
pointed by assuming that the bands showing maxima near
[0110] or [1120] were actually oriented exactly along those
directions, since these orientations have been reported in
other studies of impurity-related optical absorption bands
in quartz (Tsinober, 1962; Hassan and Cohen, 1974; Co-
hen and Makar, 1985), and since the quartz structure
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Fig. 2. Product of number of absorbing centers and oscillator
strength (Nf) versus thermal bleaching temperature for absorption
bands in sample X542-3; spectra recorded using light polarized
(a) along [0001] in a slice cut in (1010), (b) along [1210] in a slice
cut in (1010), (c) along [0110] in a slice cut in (0001). ® 1.85 eV
(4), V 2.5 eV (4,), 0 3.0 eV (4,), A 3.95 ¢V (B).

contains void channels along those directions that could
accommodate impurities. A method of least squares was
used to fit each set of experimental data to a sine curve,
the maximum error being <2%. Thus the experimental
maxima were found by calculation. For each band show-
ing a maximum near [0110] or [1120], the correction fac-
tor needed to shift the maximum to that direction was
determined. This correction factor was then applied to
the experimental maximum for the other band in that
sampleZ in order to determine whether it was oriented
along [1230], [1450], or [1340], since these directions are
all within 8° of each other. Figure 3 illustrates that a given
absorption band may differ in the orientation of its max-
imum intensity in the basal plane from crystal to crystal.
This effect is similar to that observed by Nassau and Pres-
cott (1978) for the A, band in basal-plane samples taken
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3.3 eV, V sample B-4, 2.5 V.

from opposite sides of the seed plate, within single syn-
thetic crystals of minor rhombohedral (z) growth. They
also reported isotropic behavior for a Brazilian crystal.

However, our findings differ from those of Nassau and
Prescott in several ways. While they saw a differing di-
rection in anisotropy for 4, only, we show this difference
for both A4, and A4,; we were unable to obtain usable data
for A,, because of the overwhelming effect of 4, in the
region of the 4, gaussian band. The directional ranges
reported by Nassau and Prescott for the maximum inten-
sity at various energies do include the directions shown
in Table 3 for the bands studied here, and Tsinober et al.
(1967) reported a maximum at 480 nm (2.58 eV) along
[0110], which coincides with the 4, maximum in sample
X542-3. In addition, Nassau and Prescott reported that
anomalous pleochroism was found only in quartz of minor
rhombohedral growth, while we show that it is clearly
present in sample no. X542-3, which was grown on the
major thombohedron () (Nassau and Prescott, 1977), in
no. R-27, which is also thought to be of r-face growth
(Cohen, ms.), and in B-4, which may be of either r- or z-
face growth. Furthermore, they reported that the anom-
alous pleochroism of over 80 crystals of minor rhombo-
hedral growth appeared identical, while we show that in
only three crystals there are three different orientations
for the maxima of 4, and A4,.

The explanation given by Nassau and Prescott (1978)
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Table 3. Orientation of maximum and minimum absorbance
of 4, and A4, absorption bands in basal plane (0001) of
rhombohedral growth of synthetic a-quartz
crystals with respect to the reference
direction [1210], —a,

Ay A

Crystal Remarks

max. min. max. min,

Bell quartz [T340] [43T0] |[0T10] [2110]

no. Xb42-3

nearly isotropic in
basal plane after
heating at 500°C for 2
hrs. Grown on r (10T1)

]

| seed.*
Signal Corps |[1720] [1700] | [7340] [43T0] | not known whether grown
quartz no. lonrorz (0171) seed.*
B-4
Bell quartz [1450] [53T0] | [1720] [1700] | probably grown on r
no. R-27 seed.*
(Ge impurity)

*no data for A1 absorption band because of overlap by the Aj
band.

for their observations of anomalous pleochroism in z-face
growth crystals is that a site selectivity exists for the Al
ion due to a difference in the energy of substitution for
these ions in differently oriented AlO, tetrahedra. They
explain that, of the dominant growth surfaces for quartz,
i.e., prism faces, rhombohedral faces, and basal surface,
only the minor rhombohedral face shows a strong pref-
erential presentation of just one of the symmetrically
equivalent tetrahedral sites; thus, by their scenario, only
z-face growth quartz can exhibit basal-plane anisotropy
of Al-related centers. Our results are therefore in conflict
with this scenario.

Nassau and Prescott (1978) observed a loss of anisotro-
py upon heating quartz at temperatures as low as 490°C
for extended periods. Tsinober et al. (1967) had reported
this phenomenon at 600°C, noting further that crystals
grown at 520-600°C showed no anomalous pleochroism.
They all agreed that the effect was due to the mobility of
Al ions upon heating, with Nassau and Prescott adding
that charge compensators might be involved. We have
also seen this loss of pleochroism in the basal plane below
500°C, but feel that it can only be due to migration of
interstitial charge compensators, since the breaking of co-
valent Al-O bonds, a disruption of the quartz structure,
cannot occur at such low temperatures (Cohen, 1975; Co-
hen and Makar, 1982).

Table 3, which summarizes our findings for the orien-
tations of maximum and minimum intensity for the A4,
and A, bands, shows a total of six cases involving four
different orientations and implies 48 possible combina-
tions, considering the three different AI** sites in the basal
plane (Taylor and Farnell, 1964), excluding any distinc-
tion between right- and left-handed quartz. If 4, shows
similar behavior, which we could not determine experi-
mentally, then there would be 192 combinations. While
only four directions of maximum A-band intensity were
found here—[1120], [0110], [1340], and [1450]—further
research is needed to see whether other directions such as
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[5160], [1230], and [2350] are also intensity maximum
directions. In a study of the basal-plane biaxiality of color-
center absorption bands in amethyst quartz, Hassan and
Cohen (1974) found absorption maxima in [1120], [0110],
[1230], and [1450]. One of these directions, [1230], has
not as yet been reported for the A, or 4, band maxima in
smoky quartz but is thus likely to occur. These limited
data indicate that the 4 optical absorption bands inter-
change their orientations in at least four directions in dif-
ferent rhombohedral growth smoky quartz crystals. These
orientation directions must be related to the unequal dis-
tribution of charge compensators for substitutional Al upon
growth which later homogenize upon heating to = 500°C.
In addition, the nonbonding oxygens (to silicons) in the
models proposed by Cohen and Makar (1982) may be
bonded to interstitial charge compensators such as Fe and
Ti. The orientation directions lying along [1340] and [1450]
could be related to interstitials in voids that are not in the
basal plane.

B absorption band and trapped-electron model

The B absorption band was seen in fused silica (Mitchell
and Paige, 1954) and later in quartz (Nassau and Prescott,
1975) at approximately 4.0 eV, with a W,,, of ~1.2 eV.
It was pointed out by Cohen and Makar (1982) that this
band is analogous to the E5 band found by Mackey et al.
(1966) in soda silica glass near 4.0 eV with a W,,, of 1.16
eV, which they attributed to a trapped-electron center.

Comparison between B and A, absorption bands. Cohen
and Janezic (1983) showed that the E5 and HF absorption
bands in soda silica glass have the same growth behavior
upon X-irradiation. Therefore they conclude that E5 is
the trapped-electron compliment of H3, i.e., E5 is related
to a trapped-electron center associated with two non-
bonded oxygens on a tetrahedron. As has been discussed
in the previous sections, the B and A4, bands in quartz are
analogous to E5 and H, respectively, in glass. Mackey
etal. (1966) also concluded that E; is related to a trapped-
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electron center on the basis of light bleaching experiments
on soda silica glass. Cohen and Makar (1982) thus pro-
posed that the model for the center associated with the B
absorption band is the same as the model for the center
associated with the E5 band. The present findings support
this reasoning. Figure 4 shows that the Nf'is the same for
Band A4, as thermal bleaching proceeds. Growth data from
Cohen and Janezic (1983, Fig. 3) for E5 vs. Hf in soda
silica glass are included for comparison. Thus it appears
that the center associated with the 4, band is quenched
by electrons released from the center associated with the
B band upon heating.

B and A, absorption bands. As illustrated in Figure 2,
the B and A4, absorption bands follow a similar bleaching
relationship in the spectra recorded for sample X542-3
along [0001], while bleaching curves recorded along [1210]
and [0110] are lower for A4, than for B. However, plots of
of Nf for A, vs. B with bleaching temperature in these
latter two directions do form straight lines with similar
slopes as shown in Figure 4, offering evidence of a close
relationship between the centers responsible for 4, and B.
This is discussed further in the section on the sum of the
A, + A, bands versus the B band.

B and A, absorption bands. Once again, the bleaching
curves of Figure 2 show that the B and A4, bands bleach
at approximately the same temperature, although the total
Nf bleached differs for the two bands. As with the 4, and
A, bands, Figure 4 shows a straight-line bleaching rela-
tionship between B and A,, the slopes of these lines being
similar for the spectra recorded along [1210] and [0110].
As with the 4, and 4, bands, this is evidence for a
close relationship between the centers responsible for A4,
and B.

A, absorption band and GOW center

The A, absorption band, as discussed in the introduc-
tion, is responsible for the smoky color of quartz (Nassau
and Prescott, 1975) and is associated with the color center
often designated GOW, after Griffiths et al. (1954), who
first reported its EPR signal. A recent model for this center
consists of a substitutional Al surrounded by a tetrahedron
of oxygens, only one of these being nonbonded, with a
trapped hole related to that one O (Cohen and Makar,
1982).

A, band vs. 4, band. Figure 5a shows that plots for
sample X542-3 with the Nf of 4, versus the Nf of 4;, at
the same bleaching temperature, are straight lines. Data
points for the [0001] and [2110] directions fall along the
same line, as do those for the [1210] and [0110] directions.
Although [2110] and [0110] are not the directions of max-
imum and minimum intensity for 4,, they bleach with
the actual maxima and minima because they are adjacent
to these points on the sine curve of intensity vs. orien-
tation (Fig. 3). The straight-line relationships shown for
A, vs. A, in Figure 5a together with the fact that they
interchange orientations in the basal plane indicates a
direct relationship between the bands responsible for these
centers. Furthermore, the center responsible for 4, is known
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to contain a single trapped hole. This supports the sug-
gestion by Cohen and Makar (1982) that these centers are
both related to a single trapped hole.

A, band vs. 4, band. Figure 5a shows the same behavior
for A, vs. A, as was outlined above for 4, vs. 4,, i.e., that
data points representing Nf of 4, vs. Nfof A, with bleach-
ing temperature lie along the same straight line for the
[0001] and [2110} directions in sample X542-3, while
points for the [1210] and {0110] directions lie on a straight
line with a different slope. Figure 5b shows that these
directions are not the same for the Brazilian quartz, where
data points for [0001] and [1210] form a single straight
line. The trends shown in Figures 5a and 5b suggest that
A, is related to a single trapped hole because of its close
relationship with 4,, as reasoned above for the 4, band.

A, and A4, absorption bands

Figure 6 shows the same directional similarity for 4,
vs. A, as was shown in Figure 5 for each of these bands
vs. A,. Again, data points of Nf for 4, vs. 4, with tem-
perature for the [0001] and [2110] directions form one
straight line, while those for [1210] and [0110] form
another, although the slopes of these lines do not coincide
with those of Figure 5. This straight-line relationship may
be viewed in conjunction with the observation by Mackey
et al. (1966, Fig. 11) of the behavior of comparable H*
centers in soda silica glass that are believed to contain a
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single trapped hole (Schreurs, 1967). They found that
Hj was partially converted to H} upon low-temperature
bleaching with a tungsten lamp. Thus, the lamp furnished
the energy to allow the trapped hole to migrate from the
H center to a precursor of the H; center, a phenomenon
that can only occur between structurally related centers.
The close relationship between 4, and A4, demonstrated
in Figure 6 and the analogy with the H+ centers of glass

Table 4. Dichroic ratios for absorption band peaks after
optical saturation using y-irradiation

Kmaxfkmin

in {0001)

Specimen and
absorption band

BeT1 quartz no. X542-3

nfo
in (1070)

132
.23
107
.00

.25
.44
.38
.16

1

[RI N

A
A
A
B

[ Y

Signal Corps quartz no. B-4

A .04
.55
.20

.04

1

m I X
woN

Bell guartz no. R-27 1
1.08 |
1.53
1
1

.18
.03

W X I I
W N

Brazilian Quartz

A] .00
=53
.05

.27

- — =

Ay
Ay
B
Bell quartz no. LC 3237-15°
Ay (3.0 e¥) 1 1
u 1.
B (4.0 eV) 1 1.03
u 1.

1, = = El [0001]; ¢ = EI [1210]

2. data recorded upon re-irradiation with y-rays after anisotropy was
greatly reduced by heating.

3. data from Nassau and Prescott (1978), Table 1) 1 and u indicate
the Tower and upper growth directions from the seed plate.
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for the growth of analogous absorption bands in soda silica glass
(from Cohen and Janezic, 1983, Fig. 11).

again suggests that the 4, and 4, bands are each associated
with centers involving a single trapped hole.

In arecent paper, Meyer et al. (1984) reported an optical
absorption band at 1.96 eV superimposed on the A, ab-
sorption band. However, close examination of their Fig-
ure 3 shows that the sum of the resolved gaussian bands
does not match their experimental spectral curve at all
energies. In addition, if this resolution of the 4 absorption
bands were used in our work, the agreement in our Figure
4 between the B absorption bands in the quartz would
not match the data for the similar centers in soda silica
glass, as the W,,, for A4, in their work, 0.57 + 0.05, is
much smaller than in our work (Table 2). It seems more
likely that their second optical transition at 1.96 eV is
actually the 4, band rather than a separate band. Their
suggested model for this transition, “a charge transfer
transition of the hole from ion O~ adjacent to AI** to an
O~ ion in the next shell,” is not far different from the
model suggested by Cohen and Makar (1982) for the cen-
ter associated with the 4, absorption band.

Sum of 4, + A, absorption bands vs. the B absorption
band. Figure 7 shows a plot of Nf with bleaching tem-
perature for the sum of the 4, + 4, bands vs. the B band,
for selected directions in sample X542-3 and in the Bra-
zilian quartz. A plot of the analogous bands for soda silica
glass was made using growth data from Cohen and Janezic
(1983, Fig. 2) and is included for comparison. These three
plots are all straight lines of different slopes. The close
relationship between the A4, and 4, bands is once again
underscored. The conversion of the soda silica glass equiv-
alent of the 4, band to that of the 4, band mentioned
above and the straight-line relationships shown in Figure
7 suggest that the trapped-hole centers associated with
both the A4, and A, bands are quenched by electrons re-
leased from the trapped-electron center associated with
the B band upon heating.
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Dichroic ratios of the absorption bands

Table 4 gives the dichroic ratios of the 4,, 4,, 4;, and
B absorption bands in the basal and optic planes from all
available data obtained in this study. Also shown are com-
parable data for the 4, and B bands reported by Nassau
and Prescott (1978). Their measurements were made in
basal sections of a synthetic quartz crystal in lower and
upper seed-plate growth and are in good agreement with
our results for these bands.

The dichroism of the 4, band in (1010) is similar for
the two specimens studied. Among the three specimens
examined in (0001), the 4, and 4, bands each show a
fairly consistent dichroic ratio. The B band, as mentioned
previously, i$ essentially isotropic in the basal plane. How-
ever, it does show anisotropy in (1010).

In comparing the dichroic ratios in the basal plane and
in (1010), the values for 4, in samples B-4 and R-27 are
in good agreement with the 4, value in the Brazilian quartz.
There is less uncertainty in the 4, dichroic ratios than in
those of the other bands listed because of the minimal
overlap by the 4; and 4, bands in the spectral region where
the data are taken. An exceptional case is found in sample
X542-3, whose unusually intense 4, band overlaps sig-
nificantly with the 4, band, as shown in Figure 1. Thus
the dichroic ratio for A4, in this sample is not in agreement
with those of the other samples.

CONCLUSIONS

The orientation of maximum intensity for the 4, and
A, optical absorption bands in the basal plane of smoky
quartz varies from crystal to crystal. Four orientations
were found for 4, and/or A4, in three synthetic crystals
studied here—[1120], [0110], [1340], and [1450]—while
the B band was isotropic in the basal plane. The results
for A, were inconclusive owing to overlap with the A4,
band. A Brazilian quartz showed no basal-plane anisotro-
py. Since at least one, and probably two, of the synthetic
crystals studied were grown on the major rhombohedral
face, basal-plane anisotropy does not occur only in minor
rhombohedral growth, as proposed by Tsinober et al.
(1967) and by Nassau and Prescott (1978). In this work,
the anomalous dichroism of the A centers in the basal
plane is attibuted to a nonuniform distribution of inter-
stitial ions that provide charge compensation for substi-
tutional A3+ in three nonequivalent sites in this plane.

Thermal bleaching studies show that the relationships
among the 4,, 4,, and B bands are very similar to those
found for the equivalent bands in growth studies of soda
silica glass. These results indicate that the trapped elec-
tron-center responsible for the B band is analogous to the
trapped-hole center responsible for the 4, band, i.e., the
centers are both associated with a tetrahedron having two
nonbonded oxygens. Furthermore, the straight-line plots
of the Nf products at the same bleaching temperature for
A, vs. 4, vs. A,, and for A4, vs. A, show a close relationship
among the centers related to these bands. Since the center
related to A4, is known to involve only one trapped hole,
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the results of this work imply that all three of these centers
involve only one trapped hole.
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