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Growth-induced radiation-developed pleochroic anisotropy in smoky quartz

KURT NASSAU AND BETTY E. PRESCOTT

Bell Laboratories
Murray Hill, New Jersey 07974

Abstract

The ‘“‘anomalous pleochroism™ of Tsinober is observed in all irradiated synthetic quartz
grown on minor rhombohedron seeds. This phenomenon was reexamined, using the absorp-
tion dichroism of the ordinary ray in basal sections for detailed study. The anisotropy
originates in non-random occupancy by Al of the three equivalent Si sites and can be explained
on the basis of a difference in the occupancy selectivity on the two sides of the seed plate.
Redistribution of the impurity centers takes place on heating above 490°C. The A; smoky
absorption (the hextet Al substitutional hole color center) showed different orientations of the
absorption maxima on opposite sides of the seed, with dichroic ratios of 1.22 and 1.15, when
viewed in polarized light while rotating about the ¢ axis. The other absorptions had the same
orientations on the two sides of the seed, but their orientations were different from each other.
The A, absorption showed a dichroic ratio as high as 4.1 and a shape consistent with light
interacting with an oscillator lying approximately in the basal plane.

Introduction

Tsinober (1962) and Tsinober et al. (1967) have
described an ‘“‘anomalous pleochroism” in smoky
(i.e., irradiated) synthetic quartz grown on seed
plates cut parallel to the face (10.1) (the minor rhom-
bohedron). The smoky quartz on opposite sides of
the seed plate showed different absorption spectra
and differing EPR (electron paramagnetic resonance)
spectra. The phenomenon was interpreted by these
investigators on the basis of non-random Si-Al occu-
pancy of sites related by the three-fold axis and differ-
ing non-randomness on the two sides of the seed
plate. A common impurity in quartz is APP* sub-
stituting for Si**, with an alkali ion or proton pro-
viding charge compensation. Irradiation ejects an
electron from an oxygen adjacent to the Al, resulting
in “smoky” quartz. This now shows the well-known
hextet hyperfine structure EPR spectrum, which has
been correlated with the optical A; absorption at
2.9eV (Nassau and Prescott, 1975; 1977).

In a study of amethyst, Hassan and Cohen (1974)
observed biaxiality and anomalous dichroism, and
related this to the non-random substitution of Fe** in
the equivalent Si sites observed in EPR by Barry and
Moore (1964) and Barry et al. (1965). Heating was
found to remove most of the anomalies in both the
smoky quartz and amethyst studies, pointing to a
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homogenization process. There has been dis-
agreement about the impurity redistribution concept
between Lehmann (1975) and Cohen (1975). Differ-
ing non-randomness within the same crystal does not
appear to have been reported in amethyst.

The phenomenon in smoky quartz was independ-
ently discovered in 1970 by R. L. Barns (Bell Labora-
tories) who brought it to our attention. In view of our
interest in the nature of smoky quartz (Nassau and
Prescott, 1975; 1977), we have also examined the
pleochroic phenomenon. The designations ‘“‘anoma-
lous pleochroism™ and “twinning” (applied pre-
viously by Tsinober, 1962) are not satisfactory. De-
scriptive designations are “differing non-uniaxial
pleochroism produced by irradiation, reflecting a
growth-induced anisotropy in hydrothermal quartz,”
or the title designation.

Experimental

The synthetic quartz bars studied had been grown
in steel vessels under hydrothermal conditions (82%
fill of 1.0M NaOH + 0.025M Li,CO,, growth tem-
perature 350°C with AT 50°C, and growth rate about
0.9 mm/day), at the Western Electric Company
(Barns et al., 1976). Crystals grown in silver vessels
showed the same effect. Most work was performed on
crystals grown on minor rhombohedral seeds, type z
(10.1), as shown in the center of Figure 1. Slices were
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Fig. 1. Sketch of synthetic quartz crystal #L.C 3237-15 and slices
studied. Rectangles indicate areas where absorption spectra were
taken; ob is olive brown, yb is yellowish brown, and rb is reddish
brown.

cut from crystal #LC 3237-15 as indicated, and the
appearance after room-temperature irradiation with
15 megarads of Co-60 gamma rays is indicated: Fig-
ure 1A, a slice perpendicular to the z face and parallel
to the X axis; Figures 1B and C, Y-Z slice and X-Y
(basal section); Figure 1D, a high contrast slice, as
discussed below. Growth on the major rhombohe-
dron and on the basal surface was also studied but
did not appear to show any anomalous behavior.

Polarized optical spectra (¢ with E perpendicular
to ¢, = with E parallel to ¢) were taken at room
temperature on a Cary 14R spectrophotometer in the
range 1.0 to 5.7eV (1.2 to 0.22um). The specific ab-
sorbance, « = (1/1) log,o(I,/I) where t is the sample
thickness in ¢cm, was calculated without reflectance
correction. Gaussian curve fitting was performed as
previously described (Nassau and Prescott, 1975).

Emission spectrographic analyses were made on
samples cut symmetrically from the upper and lower
parts of crystal #LC 3237-15.

Results and discussion

Irradiation of over 80 crystals of synthetic quartz
grown on the minor rhombohedron gave results es-
sentially identical to those for crystal #L.C 3237-15.

After irradiation, a brown coloration was seen in
each case on both sides of the seed, a medium-yellow-
ish brown approximately #77 (Kelly and Judd, 1965)
as seen in a 3 mm slice. On tilting the slice about an
axis perpendicular to the minor rhombohedral
growth face, one side acquired a greenish tint (me-
dium olive brown #95) and the other side a reddish
tint (medium reddish brown, #43). Rotation in the
opposite direction reversed these colors. This behav-
ior is illustrated in Figure 1A.

The dichroic spectra of Figure 2 indicate relatively
small differences in the absorptions with the direction
of polarization in the Y-Z and X-Y slices. The ¢
curve of the Y-Z slice is similar to curves 1, 5, and 6
given by Tsinober et al. (1967), where some germa-
nium had been present during growth.

The angled slice shown in Figure 1D was cut at an
orientation estimated to be near the direction for
maximum color difference between the upper and
lower parts of the crystal, giving a strong color con-
trast between the two halves of the slice. The polar-
ized spectra of both sides of this slice are shown, with
their Gaussian components, in Figure 3. It was not
possible to obtain even an approximate fit by varying
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Fig. 2. Polarized absorption spectra of the Y-Z and X-Y slices
of Fig. 1B and C. :
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Fig. 3. Polarized absorption spectra of the high contrast slice of Fig. 1D; here ¢ indicates £ perpendicular, and = indicates E parallel, to
the projection of the z axis into the plane of the slice.

only the intensity of the A,, A,, As, B, and C bands, and increasing the half-width of only A, 2.85 to
as had been successfully done with all previous sam-  3.1eV instead of the usual 2.9eV for the peak position
ples tested. However, the satisfactory fit of Figure 3 and 1.3 to 1.7eV instead of the usual 1.5V for the
was obtained by slightly shifting the peak position half-width. These changes in the A, band were not
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completely unexpected, since this is the band caused
by the hextet aluminum-hole center (Nassau and
Prescott, 1975) with different non-equivalent occu-
pancy of Si sites on opposite sides of the seed accord-
ing to Tsinober et al. (1967).

An additional effect noted in Figure 3 is that the A,
and A, bands are about equal in intensity on the red-
brown side, but A, is much stronger than A, on the
olive-brown side, in both the ¢ and 7 spectra. This
would indicate that the A, band is also connected
with the growth-induced anistropy, although the pos-
sibility of this being an artifact cannot be ruled out at
present.

It was necessary to consider the possiblity of twin-
ning, as initially proposed by Tsinober (1962). In-
deed, there is a clearly identifiable boundary surface
on one side of the seed in each of our crystals. In the
crystal shown in Figure 1 the seed had apparently
been cut from the “lower” part of a similar crystal, so
that the contact between the two regions here is on
the “upper” side of the seed plate, Figure 1D. This
phenomenon is not due to Dauphiné-law electrical
twinning (checked by etching experiments by E. D.
Kolb, Bell Labs), not due to Brazil-law optical twin-
ning (checked by polariscope examination in the un-
irradiated state by R. L. Barns, Bell Labs), nor can
any inclined-axis twin law be involved. It may be
noted that brief examination of a Brazil quartz crys-
tal slice irradiated in 1940 by C. Frondel (unpub-
lished observation) showed a sintilar appearance,
however, in this case, across a twin boundary.

For this phenomenon to be a “color center twin-
ning” in the strict sense, at least three conditions
would be necessary: (a) the “hole” would need to be
able to move freely among the four oxygens sur-
rounding the aluminum, as has been observed
(Schnadt and Raiiber, 1971); (b) the hole centers on
the three otherwise equivalent silicon sites would
have to be related to one another by the reflections,
translations, and/or rotations involved in the twin-
ning relationship; and (c) the occupancy ratios on the
two sides of the seed would have to be the same for
the three equivalent sites as related by the twin law.
In the specimen examined by Tsinober et al. (1967),
the EPR intensity ratio of three non-equivalent
aluminum-hole centers was 8:1.5:1, changing to
3:1.2:1 after heating to approx. 650°C. It seems most
unlikely that conditions (b) and (¢) for a valid twin-
ning relationship could ever be met and, accordingly,
the designation “twinning” is not appropriate.

External growth factors can be eliminated as caus-
ing this phenomenon. Flow in the hydrothermal ves-
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Fig. 4. Polarized rotation absorption curves in the basal plane of
a natural Brazil quartz specimen #63076. Absorption coefficient «
is plotted radially from the center; the outermost ring is a reference
circle. The a of the outer three curves is multiplied by the factors
shown so as to separate the curves for clarity. The dotted line is the
direction of maximum absorption. Arbitrary orientation.

sels is turbulent and is controlled by a baffle; all
crystals, whether positioned high or low, centrally or
radially, showed the same effect. Seed plates are sup-
ported vertically, so that gravity can have no effect.

The spectrographic analysis of crystal #LC 3237-
15, Figure 1, showed Fe to be 0.001% in the upper (1)
part and 0.003% in the lower () part; Al = 0.0005% u,
0.001% /. Semi-quantitative results of both parts
showed Mg = 0.000X%; B = 0.000X%; and Cu =
0.000X (low) %. All the other elements, detectable by
spectrographic analysis (including Ge, which had not
been added) were not detected.

Quartz with space group P3,21 (LePage and Don-
nay, 1976) has the three equivalent Si positions u,0,0;
0,u,1/3; and —u,~u,2/3. Unequal occupancy of these
sites by Al thus automatically leads to a lowering of
symmetry to either monoclinic (point group 2) or
triclinic (point group 1). A lower space-group sym-
metry than that of quartz is expected, since the alumi-
num hole center involved in the A; center of smoky
quartz has only two-fold site symmetry along the
three-fold quartz symmetry direction (Schnadt and
Schneider, 1970). This automatically leads to one of
the biaxial systems and pleochroism (trichroism).

Considerable insight can be gained from absorp-
tion studies of basal sections by rotation of the plane
of polarized light about the ¢ axis, i.e., examining
only the ordinary ray. Figures 4 and 5 are such ordi-
nary-ray rotational plots, taken at 15 or 30° intervals
in the basal plane, with the distance from the center
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Fig. 5. Polarized rotation absorption curves in the basal plane for the lower and upper halves of the X-Y slice of Fig. 1C; horizontal axis

is the projection of the X axis of seed; other details as in Fig. 4.

being proportional to the absorption coefficients. The
orientation of the maximum absorption @max Wwas
determined by overlaying each plot with a duplicate
but inverted plot and rotating to obtain the best fit
between each curve and its mirror image. In each case
the minimum absorption am;, appeared to be at 90°
t0 amax. The error limits given in Table 1 are esti-
mates of the precision of this procedure. The basal
plane dichroic ratio is calculated as amax/@min, 88 Was
done by Hassan and Cohen (1974).

In a truly uniaxial crystal there will be no variation
in the optical properties on such rotation, as is found
in the examination of a slice of natural smoky Brazil-

ian quartz (#63076) shown in Figure 4. With the
exception of a small anomaly in the A, band as
shown by the 1.5eV curve which has a dichroic ratio
of 1.3, all the wavelengths show essentially circular
curves having dichroic ratios of 1.03 to 1.08, which
are within the experimental error of unity expected
for uniaxiality.

Quite different results were obtained for the two
halves of the X-Y slice of Figure 1C, as shown in
Figures 5A and B. The experimental points are
shown for only one half of one curve in Figure 5A;
the fit for the other curves was equally satisfactory.
Table | shows dichroic ratios as high as 4.1 (much

Table 1. Anisotropy of the ordinary ray*

-1

X ° * %
Energy Major bands Orientation of umax( ) Value of 0Lmax(cm ) Dichroic ratio

(eV) present ) u 2 u ) u
1555) Ay -20%3 ~20%5 0.4 0.50 4.1 3.0
2.5 A3, A, +12+5 +17+3 1.11 1.53 1835 1.37
g5 a,t +15%8 +1945 0.21-1.11 0.27-1.53 1.35-4.9 1.37-3.6
3.0 Ag +3%5 +16%3 1.08 1.50 1.15 1.22
4,0 €5 By A3 T+ +24+8 1.00 1.36 <1.03 1.08
580 C +77+8 +69x8 1.34 1.77 1.12 1.08

*

From X-Y slice of Figs. 1C, 5A, and 5B (& for lower, u for upper) .
¥

Dichroic ratio in the basal plane = umax/amin; estimated accuracy *5%.

t ]

Based on “2.5ev'x“3.0ev where 0 < x < 0,90 for & and 0 < x < 0.85; larger values for X

produce negative o's.
+

+
"Dichroic ratio is too small for an approximate determination.
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higher than the 1.92 observed by Hassan and Cohen,
1974, in amethyst) and considerable variation in the
orientation of the maximum absorption apmay.

In the absence of irradiation, the presence of un-
equal occupancy of the three equivalent Si sites by
typically 0.01% Al and the consequent lowering of the
symmetry could not be revealed by any known exam-
ination technique; the refractive-index ellipsoid
would be expected to remain indistinguishable from
being uniaxial. This still remains approximately so
after irradiation, since significant biaxiality was not
observed; but now the absorption indicatrix (the ab-
sorption coefficient as a function of vibration direc-
tion) becomes a sensitive test for symmetry.

The curves of Figures 4 and 5, in fact, show the
cross-sections of the absorption indicatrix in the
plane perpendicular to the ¢ axis (basal section) and
clearly indicate the variability of these figures with
wavelength, i.e., in the different absorptions A,, A,,
As, B, and C. This leads directly to the variation of
color on tilting of the slice of Figure 1A.

Inspection of the Gaussian composition of Figures
2 and 3 shows that the 1.5eV absorption is pre-
dominantly due to A,; A; dominates at 3.0eV; and C
at 5.0eV. The B absorption at 4.0 is relatively buried
by the C and A, contributions, and little can be said
about its anisotropy. At 2.5eV, variable amounts of
the A, and A, absorptions are present. By subtracting
varying amounts of the 3.0eV absorption from the
2.5V absorption, it is possible to obtain an estimate
of the A, band characteristics. This is shown in Fig-
ure 6 from the data of Figure 5A; similar results are
obtained from the Figure 5B data. Although the di-
chroic ratio for A, depends strongly on the value of x in
Q2 5ev—X3 0ev, the orientation of apay of A, remains
in a very narrow region, as also shown in Table 1.

Of the various absorption features in smoky quartz
(Nassau and Prescott, 1975), only the A, band has
been definitely identified, deriving from the sub-
stitution of Al for a Si, with an alkali or H* providing
charge compensation. From Table 1 the basal plane
dichroic ratios for A; are relatively small (1.15 and
1.22), confirming that these are several overlapping
absorptions or that the orientation of the maximum
absorption lies at a large angle to the basal plane (cf.
high contrast slice in Fig. 1). The relatively large shift
of 13° £ 6 in orientation between the absorption
maxima of the A; band (3.0eV) on the two sides of
the seed plate indicates that the occupational discrep-
ancy is significantly different for the two sides. All the
other absorption bands of Figure 5 and Table 1 show
no significant differences in orientation between the

two sides. The A, and A, absorptions show quite
large dichroic aspect ratios in the basal plane, ranging
up to 4.1. The curves for the A, absorption bands at
1.5eV in Figures 5A and B closely approximate the
dashed curves o = amax-c0s%, as would be expected
for the interaction of the electric field of a light wave
with a single oscillating dipole moment at angle 6 to
each other (Kauzmann, 1957, p. 576). Clearly, the
origin of the A, absorption (presently unknown)
must lie predominantly in a single color center having
an oscillating electric moment lying approximately in
the basal plane. Multiple centers (even if crystallo-
graphically equivalent) or single centers not in the
basal plane would show aspect ratios close to unity,
as is observed for the other absorptions of Table 1.

The maximum absorptions of the C bands occur
approximately 90° from those of the A, bands (97° +
8 and 89° £ 9), but in both lower and upper slices the
dichroic ratios of C are not far enough from circular-
ity for this result to be unequivocal. Corresponding
values for A, and C are 62° £+ 11 and 50° + 9 and for
Aj;and A, are 35° + 8 and 39° + 7 (Fig. 5, Table 1).

Tsinober (1967) had noted that the EPR intensity
ratio 8:1.5:1 was changed to 3:1.2:1 after heating
for several hours at about 650°C. This was viewed as
a migration of Al impurities among tetrahedra, lead-
ing to a leveling out of the non-random occupancy.
This use of such a high annealing temperature, how-
ever, raises the possibility that the « to 8 transition in
quartz may have been essential to this migration.

A part of the lower section of the slice used for
Figure 5B and Table 1 was heated for 4 hours at
650°C, and another part for 21 days at 490°C, well
below the a-f transition temperature of 573°C. In
both cases, the resulting absorption curves after re-
irradiation resembled those of Figure 4, with dichroic
ratios of about 1.6 at 1.5¢V and 1.03 to 1.14 at the
other wavelengths, equal to or less than the equiva-
lent values in Table 1. Accordingly, the redistribution
of the color center (involving the movement of Al
ions or, more likely, of charge compensators) occurs
at temperatures as low as 490°C, and the a-3 quartz
transition is not involved. On the question of motion
of metal ions at such low temperatures, the amethyst
discussion between Lehmann (1975) and Cohen
(1975) is relevant.

A proposed site selectivity mechanism

Site-selection impurity distributions in laboratory
grown crystals have been reported for Gd in ALO,
(Geschwind and Remeika, 1961) and in the rare-
earth iron garnets. The latter are made magnetically
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Fig. 6. Inferred polarized rotation absorption curves for
absorption band A, based on Fig. 5A using & = a; sev—Xals.0ev with
0.6 < x < 0.85; orientation same as Fig. 5.

anisotropic by preferential occupancy of particular
sites, and this has been interpreted on the basis of
pair ordering and size effects (Callen, 1971; Rosen-
cwaig et al., 1971; Wolfe et al., 1971). Recently it has
been recognized that both size and charge effects are
significant in these garnets, and that it is the configu-
ration of selected sites with respect to the growth
interface that appears to control the site selectivity
(Wolfe et al., 1976; R. Wolfe, Bell Labs, in prepara-
tion).

A similar approach can be used to postulate the
following mechanism for the growth-related an-
isotropy in quartz. Examination of a three-dimen-
sional model of the quartz structure shows prominent
tightly-packed layers of tetrahedra with approxi-
mately planar oxygen layers parallel to the minor

H (1071)
Z

nm

—— [2110]

Fig. 7. Projection of the equivalent SiO, octahedra in quartz
onto the minor rhombohedral surface (10.1).

rthombohedral face (10.1). Such layers of tightly
packed polyhedra usually delineate successive posi-
tions of the growth interface and produce crystal
faces during crystal growth (Jackson, 1967).

A projection of the three equivalent SiO, tetra-
hedra onto the (10.1) plane is shown in Figure 7. Two
of these tetrahedra have faces in the plane of the
drawing, ABC and CEF; corner D lies above and
corner G lies below this plane. The FHIJ tetrahedron
lies with the IJ edge bisected by the plane of the
drawing. This last tetrahedron is symmetrically dis-
posed with respect to the plane and therefore cannot
contribute to any growth-related anisotropy of the
type being proposed.

When the tetrahedra ABCD or CEFG are being
constructed by the addition of AlO, units from the
solution (or, more precisely, from the oxygenated/
hydrated aluminum ion complexes present in solu-
tion), possibly also accompanied by a charge com-
pensating ion such as H*, it is clear that there will be
a difference in the energy of substitution for these two
sites. For growth upward out of the plane of Figure 7,
occupation of CEFG corresponds to filling up a tet-
rahedral “hole” in an almost completed layer, while
occupation of ABCD corresponds to starting a new
layer. For growth downward into the plane of Figure
7, these relationships are reversed.

Thus, if aluminum tends to concentrate (with re-
spect to the average aluminum concentration in the
quartz crystal) preferentially at ABCD during up-
ward growth, it will correspondingly concentrate at
CEFG during downward growth, the result being a
site selectivity associated with the direction of
growth. Alternatively, concentration at CEFG during
upward and ABCD during downward growth still
produces the same result. The occupancy ratio of
8:1.5:1 of Tsinober et al. (1967) confirms that a single
site arrangement is selective.

Examination of other projections shows that for
the dominant growth surfaces observed in synthetic
quartz (prism and rhombohedral faces, basal plane
surface), only the minor rhombehedral face has a
clear-cut configuration leading to a growth aniso-
tropy, i.e., only these growth faces show a strong
preferential presentation of just one of the sites which
are equivalent by the trigonal symmetry. For major
rhombohedral growth there is a similar, but much
less pronounced up-down relationship; for prism
growth the same crystallographically-equivalent sites
present themselves in an identical manner in opposite
growth directions, and for basal growth successive
positions of the growth interface present the three
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equivalent sites one at a time; none of these growth
directions could therefore lead to a strong growth
anisotropy.

In laboratory hydrothermal growth of quartz,
rapid growth occurs only on the major and minor
rhombohedral faces and on the basal surface (e.g., in
3°X crystals, Laudise and Sullivan, 1959). Of these
three growth directions, only the minor rhombohe-
dral growth shows the growth anisotropy. We have
observed similar color changes in growth in the fast X
direction, i.e., under the stepped m(01.0) and S$(07.3)
development (see Fig. 1). In the opposite slow X
direction, which shows a much more complex
stepped development, there are small regions giving
the same colors but on opposite tilting, i.e., olive-
brown when the bulk of the slice as well as the fast X
regions are being seen as reddish-brown, and vice
versa. Growth in these directions is very slow and
only very small specimens are available; therefore, we
have not studied these aspects. Growth on the prism
faces is too slow (Kleschev et al., 1976) for its nature
to be determined.

Other mechanisms for producing anisotropy may
be possible, but it should be noted that the polar axes
are almost certainly not involved: positive and nega-
tive polar axes alternate every 60° in the basal plane
of the quartz structure in the six (1120) directions; the
combination of these axes results in zero polarity
perpendicular to the rhombohedral faces.

Visual examination of a sectored amethyst crystal
slice from India showed color variations on tilting
within the sectors, which may be indicative of a simi-
lar pleochroic growth anisotropy due to site selectiv-
ity, here involving Fe; this has not been further inves-
tigated.

Summary

It is possible to attribute the growth-induced radia-
tion-developed pleochroic anisotropy in smoky syn-
thetic quartz (the ‘“anomalous pleochroism” of
Tsinober, 1967) to the site-selective distribution of Al
ions, possibly accompanied by charge-compensating
ions, during growth on the minor rhombohedral
faces.

There was only one significant difference between
material growing on opposite minor rhombohedral
faces, as determined by optical absorption studies:
the A, smoky absorption showed different orienta-
tions of the absorption maxima of the ordinary ray in
basal-plane sections. Heating experiments showed
that the « to 8 phase transition is not involved in the
thermal redistribution of light-absorbing centers.

The A, absorption at 1.5eV shows a behavior con-
sistent with that arising from a color center consisting
of an oscillating dipole moment of fixed orientation
lying approximately in the basal plane. The absorp-
tions A,, A, and C originate either in several over-
lapping orientations or in a single orientation which
lies at a sufficient angle from the basal plane to hide
its nature. Only a full three-dimensional determina-
tion of the absorption indicatrix at different wave-
lengths could clarify this point.
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