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other, longer period, oscillations due to pockets of the that have the zincblende structure, and this variation of
Fermi surface on the Brillouin zone boundaries. effective mass was used to determine the energy gap at

k= 0 and the curvature of the conduction, band in HgSe.
CONCLUSIONS

From the nature of the variation of the oscillatory
magnetoresistance with orientation of the magnetic ield
it is concluded that the Fermi surface for HgSe has
protrusions in the (111) directions of k space. These
protrusions, however, are small in height and the Fermi
surface is not much deformed from a spherical shape.
The existing theories adequately describe the tempera-
ture dependence of the amplitudes of the magnetore-
sistance oscillations in HgSe, and this temperature de-
pendence yields values for the cyclotron eGective masses
of conduction electrons in good agreement with those
deduced from optical refiectivity data. The variation of
e8ective mass with conduction electron density is in
accord with energy band models proposed for materials
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Optical Probing of the Environment of E Centers in Deformed Alkali Halides*
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The formation of Ii centers upon Co" irradiation of KCl deformed at room temperature and at 77'K
and the environment of Ii centers formed upon Co irradiation of deformed KBr were studied by means
of optical-absorption measurements with a Cary-14 spectrophotometer. Anomalies of the beta absorption
band (exciton band localized at the Ii centers) and shift of the F-center peak toward blue were observed in
deformed KBr at 10 and 80'K. The observed anomalies can be removed by a short annealing near 525'K.
Both the dichroic behavior of the beta band and the energy shift of the Ii band are consistent with the
hypothesis that the source of vacancies is the edge-dislocation dipoles from plastic deformation. The F
centers formed upon Co" irradiation of deformed KBr are most probably located a few Burgers vectors
away from the core of one member of the edge-dislocation dipole in the compression region, a fraction of an
interatomic spacing above the slip plane where the edge dislocation is situated.

I. INTRODUCTION

A QUALITATIVE interpretation of the various
e6ects of mechanical deformation on coloration

phenomena has been proposed by Seitz, ' who suggested
that mechanical deformation results in an increase in
the vacancy concentration. The increased darkenability
of deformed crystals and the bleaching eGect of plastic
deformation of a crystal previously colored by irra-
diation are understandable in a general sense according
to this hypothesis. On the other hand, Nowick' ascribes
the enhancement of the colorability of the annealed
crystals upon plastic deformation to the dispersing
action of the plastic deformation, which causes the pre-
cipitated impurities to be redissolved on an atomic

*This work was supported in part by the U. S. OfIIce of Naval
Research (Contract NONR-4063-00, NR-032-479), Department
of the Navy.' F. Seitz, Phys. Rev. 80, 239 (1950).' A. S. Nowick, Phys. Rev. 111, 16 (1958).

scale. Smoluchowski and co-workers'4 have made ex-
tensive studies of the growth of the Ii band in unde-
formed, deformed, and heat-treated KC1 crystals be-
tvreen liquid-hydrogen temperature and room tempera-
ture. The similarity in forms and temperature depend-
ence of the initial coloration in a freshly cleaved crystal
and the coloration after plastic deformation suggests
that both these stages obtain vacancies from the same
source, and they concluded that the source of vacancies
is the debris resulting from dislocation interaction and
not from the dislocation lines themselves. Further ex-
perimental evidence of enhanced coloration in deformed
KCl due to the presence of dislocation dipoles is seen
in the work of Davidge and Pratt, ' who remarked,

3 P. V. Mitchell, D. A. Wiegand, and R. Smoluchowski, Phys.
Rev. 121, 484 (1961).

4B. S. H. Royce and R. Smoluchowski, Discussions Faraday
Soc. (to be published).

~ R. W. Davidge and P.L. Pratt, Phys. Stat. Solidi 5, 665 11963}.
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however, that the effect is observable only with hard
but not soft x rays.

The purpose of the present study is to re-examine the
enhancement of coloration in deformed KC1 and to
probe the environment of Ii centers in deformed KBr
crystals by means of optical-absorption measurements.
If the vacancy source is the dislocation dipoles, the F
centers so formed should not be far away from the
dipoles. The author' has shown recently that the beta-
absorption band' (exciton band localized near the F
centers) exhibits anomalous behavior in deformed alkali
halides. The probing of the beta band and the F band
in deformed KBr has yielded interesting information on
the possible location of these F centers generated in
deformed alkali halides.
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Fzo. 1. F-peak absorption (300'K) versus compression strain and
Co~ irradiation time, KCl (FI-15 series) deformed at 300'K.

II. DESCRIPTION OF EXPERIMENTS

The experimental study consists of two parts. Part
one concerns the enhancement of F-center formation in
undeformed and deformed KCl; part two reports studies
of the characteristics of the beta and F-absorption
bands in deformed KBr. Optical absorption was made
with a Cary-14 spectrophotometer at 10, 80, and 300'K.
Deformation of the specimens, both at room and liquid-
nitrogen temperatures, was done with a table-model
Instron. Deformation by both compression and bending
was used. Both the KCl and KBr crystals were ob-
tained from the Harshaw Scientific Company. Color-
ation was done in a Coe' source (about 10' R/h) at an
ambient temperature of 315'K. Cleaved specimens were
polished, etched, deformed, then polished and etched
again before they were colored and mounted immedi-
ately in darkness in a model CLF cryofiask (Texas In-
struments) for optical absorption measurements. The
pressure inside the cryoAask was maintained at about
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FIG. 2. Same as Fig. 1, a slightly diferent plot.

2 to 4X10 ' mm of mercury at all times. The thick-
nesses of the specimens varied between 1 to 2 mm, but
were maintained nearly the same in any set of optical-
absorption experiments for comparison purposes.

III. ENHANCEMENT OF F-CENTER FORMATION
IN DEFORMED KC1

A. Compression at 300'K, Coloring at 315'K,
Optical Absorption at 300'K

The change of the E-center absorption peak versus
compression strain and time of Co" irradiation is
typically shown in Figs. 1 and 2. The change of V-
center absorption peak (primarily from VB centers at
2120A and some Vm centers at 2300A) is shown in
Fig. 3. A comparison of Fig. 2 with Fig. 3 shows that
the F-center peak increases almost linearly with com-
pression strain while the V-center peak is almost inde-
pendent of compression strain for a given Co" dosage.
This observation suggests that the enhancement of
E-center formation due to plastic deformation is not the
result of the dispersing action which redissolves the
precipitated impurities. '

At low Co' dosages, the rate curves shown in Fig. 1
can be normalized according to

A =A'(1 —e-"),
where A is the absorption at time t, A0 is the normalized
absorption coeKcient, and b is a constant characteristic
of the material, Separate determinations with our ma-
terial yield a value of b=0.10 per minute, which is
within the range of values reported by Mitchell,
Kiegand, and Smoluchowski. ' The curves of Fig. l are
replotted according to Eq. (1) in Fig. 4. The normalized
absorption peak of the Ii center versus compression
strain is shown in the lower plot of Fig. 6.

B. Compression at 77'K, Coloring at 315'K,
Optical Absorption at 300'K

7 C. Delbecq, p. pringsheim, and p. Yuster, . Chem. ph s. ].9, The variation of the F-center Peak absorPtion versus
e R. Chang, Bull. Am. Phys. Soc. 9, 630 (1964).

574 (1951). compression strain (specimens strained at 77'K) and
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(1960).

time of Co" irradiation for the same batch of KCl
crystal from Harshaw is shown in Fig. 5.The normalized
absorption peak according to Eq. (1)versus compression
strain is shown by the upper plot of Fig. 6.

Two points are to be noted from Fig. 6. First, the
initial J'-center concentration without plastic strain is
higher for the specimens used in the 22'K deformation
than those used in the 300'K deformation, although
both sets of specimens were cleaved from the same block
of a Harshaw crystal about the size of a one-inch cube.
Second, the rate of F-center formation for each percent
strain deformed at 77'K is more than a factor of 2
larger than that deformed at 300'K (3.1 cm ' compared
with 1.4 cm ' for each percent strain). The critical shear
stress at 22'K for our specimens (5.2 to 5.5&10r
dynes/cm') is also more than a factor of 2 larger than
that at 300'K (2.1 to 2.2X10r dynes/cm'). This is
consistent with the hypothesis that the source of va-
cancies in deformed material at low Co' dosages is the
dislocation dipoles. The current theories of dislocation-
dipole formation' suggest that the average dipole width
is nearly inversely proportional to the applied resolved

shear stress in the slip plane where jogged screw dis-
locations arc Dlovlllg. Doubling thc appllcd resolved
shear stress would half the average dipole width and
consequently double the number of dislocation dipoles
for a given plastic strain.

C. Annealing Experiments

The microstructural investigations of Davidge and
Pratt' suggest that dislocation dipoles, but not dis-
locations, can be removed from deformed KCl crystals
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dilatational stress field at any point (X,V) is given by-''

bI YD2+H)X'+1"]
|TXX &Vr =——

2n. (X'+y')'+HX'F'

(V+h)t (2+H)X'+(V+h)'j
(2)

r
X'+ (V+h)'j'+HX'(V+h)'

-- 2
I

SLIP P. L ANE

h=5b
I1=Iob
I1=20b

where h= width of the dislocation dipole,

I= (Cll+C12)
C44 (Cl1 C12)

-Cll(2C44+Cll+C12)-

(C11+C12) (C11—C12 2C44)B=
CyyC44
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Fto. 12. Shift of E-center peak (at 80'K) with
compression strain, deformed KBr.

~ R. Chang, Acta Met. 10, 951 (1962)."R.A. Eppler and H. G. Drickamer, J. Chem. Phys. 32, 1418
(1960).

~ H. B.Huntington, J.E. Dickey, and R. Thomson, Phys. Rev.
100, 1117 (1955).

The experimental shift of the F-absorption peak for
KBr with hydrostatic pressure according to Eppler and
Drickamer" is 0.1 wave number per atmosphere up to
pressures of a few thousand atmospheres. The experi-
mental shift shown in Fig. 12 thus corresponds to a
hydrostatic pressure of about 350 atm. Equating this
value with ', (oxx—+orr) an'd substituting the appro-
priate elastic constants" into Eq. (2), one 6nds that the
F center should be located on a set of curves shown in
in Fig. 13 for various values of the dipole width (here
three dipole widths are assumed, 5b, 10b, and 20b) with
respect to the core structure of an edge dislocation in
NaCl according to Huntington and co-workers. '4 Neg-

FIG. 13. Schematic diagram showing the core structure of an
edge dislocation and possible sites of an Il center formed during
Co" irradiation at 315'K.

lecting the di6erence in core structure of an edge dis-
location between NaCl and KBr, the results shown in
Fig. 13 suggest that the most likely position of the E
center is a few Burgers vectors away from the dislocation
core slightly above the slip plane in the compression
region of one of the edge-dislocation pairs that con-
stitutes the dipole.

Since Hookian elasticity theory was used to derive
Eq. (2), which is not expected to yield valid results very
near the core region of an edge dislocation, the location
of the F centers described above can only be considered
as a rough estimate. One must admit, however, that
the estimation cannot be too far off since one is dealing
with stress fields a few Burgers vectors away from the
dislocation core.

It is to be noted that, in addition to the F centers
originating from the dislocation dipoles, there are Ii

centers formed from vacancies already present in the
material as indicated by the intercepts at zero strain in
Fig. 6. Since the F-absorption band is very broad, the
shift of the Ii peak shown in Fig. 12 is at best an indi-
cation that those centers originating from the dislocation
dipoles are located near the dipoles. It is difBcult to
pinpoint the exact location of these centers, although
the peak-shift experiments suggest that they are at
least two to three Burgers vectors away from the dis-
location core, possibly more.

The multipeaks and dichroism associated with the
beta-absorption band are interesting. It is not clear at
present why the peaks are quite sharp under certain cir-
cumstances. Since the deformation was meant to form
dislocation dipoles of principally one orientation, it is
possible that the F centers originating from these dipoles
line up more or less parallel to the dislocation line and
give rise to essentially one-dimensional line defects. '
Further studies are necessary to elucidate this point.


