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Volume expansion of x-ray irradiated NaCl was measured in the range 15-90 K and its optical behavior
was analyzed from 15 to 300'K. An improved photoelastic method showed that strain pro6les agree with
the shape predicted by the linear theory and that slow cooling (10'C per h) is essential to minimize back-
ground strain. Twenty-four hours of irradiation by 45 kv, 30 mA x rays at 15'K produces AV/V of the
order of 10 ' which does not anneal below 80'K while, in contrast, the F band shows in this range one-stage
annealing. Growth curves of the Ii band and of the 343-mp band were made at 15'K. Annealing at 80'K
followed by reirradiation at 15'K indicates that these bands recover quickly and a comparison with results
on KCl and KBr suggests that the Ii centers are annihilated by hole capture. If follows also that in the range
15 to 80'K electronic changes in these centers do not lead to volume changes greater than the experimental
error, AV/V 10 '. Heat-treated crystals presented a different behavior of thermal annealing of the F band
with several annealing stages between 15 and 80'K.

I. INTRODUCTION

HE mechanism of defect formation in alkali
halides at low temperatures presents many

interesting problems. In particular, the F-center
formation is still not understood satisfactorily in spite
of the fact that the Ii center itself has been extensively
studied. The Varley mechanism' as considered by
several authors' is suggested by the evidence obtained
for the existence of interstitials' as well as by experi-
mental observations of Rabin and Klick4 that F-center
growth curves approached an "intrinsic" behavior near
liquid-helium temperatures. Recently, Wiegand~ has
reported precision lattice parameter measurements in
single crystals and Sharma and Smoluchowski' have
analyzed J -center formation by very soft x rays near
the chlorine E edge. Although the 6rst experiment was
done at room temperature and the latter at low tem-
perature, both are taken by their authors as an indica-
tion of the interstitial mechanism of F-center formation.
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Investigations with another class of techniques were
initiated at low temperatures using photoelastic volume
expansion measurements. Modifying the Primak et al. '
technique, Kiegand and Smoluchowski' analyzed the
LiF system at liquid-nitrogen temperature. In the
present work the same technique is applied, with several
experimental additions, to analyze the behavior of
NaC1 at liquid-helium temperature. NaC1 behavior
under x-ray irradiation at this temperature has been
first studied by Duerig and Markham. ' They identified
several bands, including one at 330 mp, probably related
to the II center, which involves an interstitial con6gura-
tion. They did not study, however, its detailed thermal
behavior besides observing that at liquid-nitrogen
temperature the 330-mp band annealed out together
with part of the F band and that some of the t/' centers
also suBered modi6cations. Of special interest for this
paper was a band at 345 mp that was identihed as the
V& band, this band appearing after heating to liquid-
nitrogen temperatures. This t/"j band had been pre-
viously observed by Casler, Pringsheim, and Vuster"
in several alkali halides. Seitz, who first proposed a
model for the center responsible for the V» optical
absorption, has recently reanalyzed the situation" and
proposed a new model based on a Cl—interstitial ion in
a (-,',-'„-',) position. We shall discuss our results in relation
to this proposal in a later section of this paper.

In the present work, we observed (a) the growth and
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regrowth curves of the F and 343-mp, bands, (b) the
thermal bleaching of both bands up to liquid-nitrogen
temperature, and (c) with the photoelastic technique
we observed the volume expansion AU/V as a function
of temperature, including the range in which optical
thermal annealing takes place.

II. EXPERIMENTAL

The importance of the photoelastic technique in the
study of defects lies in the fact that it can be used at
low temperatures. In order to do so, however, important
modifications had to be introduced in the method. First
of all, slow cooling of the crystal proved to be an
absolute necessity. In some cases the crystal was pre-
viously annealed in vacuum or in helium atmosphere
at 650'C and cooled down to 15'K with a rate of cooling
never exceeding 10'C/h. In all cases, unless otherwise
indicated, a freshly cleaved crystal was used which was
slowly cooled from room temperature down to 15'K. In
this way, background strain could be reduced to a
minimum as required by the method. Also a double-slit
system, situated outside the Dewar, was used to scan
both the irradiated and the nonirradiated sides of the
crystal. In this way the birefringence could be meas-
ured at each point in the crystal by observing the
rotation angle of the polarized beam. Visual observa-
tions were replaced by electronic detection with a
photomultiplier which permitted reading of the rotation
angle to +0.01 deg. The Dewar used was a double
metal container with two pairs of windows. One pair
was made of Al, through which x-ray irradiation was
made, and the other was transparent for optical meas-
urements (photoelastic or photometric). After cooling
the crystal successively with N2, H2, and He, a final
temperature of 15'K was reached, and this was main-
tained throughout the irradiation, which could last as
long as 30 h. 15'K was the lowest temperature that
could be obtained in this series of measurements, pre-
sumably because of imperfect thermal contact between
the liquid He and the sample. Wires used for tempera-
ture measurements were wound several times around
a portion of the Dewar containing liquid He before
going to parts of the Dewar at higher temperatures.
Considerable care was taken in calibration of carbon
resistors and in temperature measurements. It is the
authors' opinion as a result of the experience with the
Dewar used in this work and other similar Dewars that
many experiments reported in the literature as having
been carried out at "liquid-helium temperature" were
actually performed at higher temperatures. All measure-
ments and bombardments were made in the dark except,
of course, for the measuring beam. A measurement of
optical bleaching caused by the photoelastic or photo-
metric measurements showed it to be negligible. For
thermal bleaching the Dewar was allowed to heat under
its natural heat-leakage so that data points could be
taken continuously from 15 up to 300'K. The rate of
heating in a 10 *rum Hg vacuum (with Ns in the radia-

tion shield) was not greater than 2'C/h up to 7'/'K. Some
isothermal annealings were also taken for the photo-
metric observations, and in this case all the optical
measurements, after thermal annealing, were taken
at 15'K.

Samples were obtained from the Harshaw Chemical
Company and it was requested in ordering that the
material be of high purity. The samples were thus
presumably taken from pure sections of the boule.
Radiation was from a Machlett tungsten tube operated
at 45 kV and 30 mA or from a General Electric Maxi-
tron 300 operated at 60 kV and 20 mA. Radiation was
filtered through a 0.5 mm Al and the sample was placed
about 5 cm from the tube window except where other-
wise indicated. Optical density measurements were
made either with a Beckman Spectracord or a Cary
Spectrophotometer. Crystals were not more than 0.8
mm thick, the other dimensions being about 2 and 1.5
cm. The temperature was measured either with a
carbon-resistor or with a special Au/Ag thermocouple
previously calibrated. Below 20'K calibration was
made against vapor-pressure curves of H~.

Since the Dewar had to be taken off the spectro-
photometer for x-ray irradiation of the sample, one had
to insure its correct positioning in the beam. This was
done by measuring absorption at a fixed wavelength;
in our case this reference was 8000 A.

III. RESULTS

In interpreting photoelastic measurements, one
should be very careful about the accuracy of the method.
As pointed out by Wiegand and Smoluchowski, ' the
method is very reliable for obtaining annealing behavior
and relative volume expansion, but it should be stressed
that one cannot put too much confidence in absolute
measurements of AV/V. The relation between AU/U
and optical rotation for NaCl is

d, V/V = 1.3k (T)60,

where k (T) is a temperature-dependent parameter
which is related to elastic and photoelastic constants,
28 is the optical rotation per unit thickness of crystal
as measured with the quarter wave-plate photoelastici-
meter. Merriam" gave the temperature dependence of
k(T) at high temperatures down to O'C. In order to
get an estimate for hV/V one can further consider
Wiegand and Smoluchowski's results for NaCl in which
there was no appreciable change in 60 from 80'K up to
O'C and take the k(T) value at O'C as being a constant
down to 15'K. Then one obtains hV/V of the order of
2&(10 ' which is of the same order of magnitude as
AV/V calculated assuming the volume dilation to be
due to F centers vacancies present in the crystal.

A typical strain against position curve was obtained
for NaCl, which showed that a definite volume expan-

"M. Merriam, thesis, Carnegie Institute of Technology, 1960
(unpublished).
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FIG. 1. Thermal annealing of NaCl crystals irradiated at 15'K:
(1) F band, (2) nV/V, and (3}343-mp band. Conditions: (a} for
optical bands 12 h at 60 kV and 20 mA, 0.8-mm Al x-ray filtration,
sample thickness 0.62 mm, samples "as cleaved. " (b) For nV/V
measurements 21. h at 45 kV at 30 mA, 0.5 mm Al filtration, sample
thickness 0.80 mm and samples thermally annealed at 650'C.
Similar annealings of the Ii and 343-mp, bands were observed for
samples having the same irradiation conditions as 5V/V above.

another point of divergence in our experimental results
is the spectrum at 80'K. We 6nd a prominent and very
well defined band at 278 mp which does not appear in
their results. As a matter of fact this band is not re-
ported in the literature concerning NaCl.

The broad absorption band to the long-wavelength
side of the F band (Fig. 2, curve 1) is most probably
due to the F' center. The absorption in the vicinity of
800 mp is, however, unfortunately distorted because of
the method of measurement. While this band is not
identical to the F' band as given by Pick, it is similar
in shape to the F' band for other alkali halides. "Because
of this similarity in shape and because of the location of
this band relative to the F band we will assume here
that it is in fact the P band.

The growth curve of the F and of the supposed

"H. Pick, Ann. Physik 31, 365 (1938). However, see also
R. Hilsch and R. W. Pohl, Z. Physik 68, 721 (1931).

sion had occurred after 24-h irradiation at 15'K, corre-
sponding to a rotation of about 0.6 deg.

Thermal annealing of this volume expansion was not
observed below 77'K (Fig. 1). In this range of tem-
perature the Ii and 343-mp bands suffer rapid annealing.
The possible meaning of this fact will be discussed later.

The optical absorption curves shown in Fig. 2

indicate pronounced F and Vt (343 my) bands but not
the 330-mp band (supposedly the H band) observed by
Duerig and Markham. Thus one may infer that in the
temperature range 5 to 15'K the 330-mp, band anneals
and the U~ appears. This is in accord with the well-

known H to U~ transformation. What is diferent in our
results is that our 343-mp band anneals at about 65'K
and little of it is left at 80'K. This might perhaps be ex-
plained by the slow rate of warming. Unfortunately,
Duerig and Markham do not give any information
about their rate of heating. They indicate, however, that
the U~ band as obtained and thermally treated at 80'K
shows thermal instability at this temperature. Still
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Fro. 2. Optical absorption curves: (1) after x raying at 15'K,
(2) after annealing to 80'K. Irradiation at 60 kV and 20 mA
for 12 h, 0.8-mm Al filtration. "As cleaved" samples.

Fro. 3. Growth and 0.
regrowth curves of (1)
F band and (2) 343-mp
band. Same crystal as
Fig. 1.In u to b, thermal
annealing occurred after
which irradiation was
continued to obtain a
regrowth curve.
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(343 mp) Vt band was also analyzed. This is shown in
Fig. 3. After thermal annealing of both bands at 80'K
had occurred, a recool down to 15'K was made and a
regrowth curve was taken. As can be seen from Fig. 3,
the Ii band recovered very quickly back to its former
value and rate of growth.

On regrowth the optical absorption in the vicinity of
the 343-mp band is more complex than before the
annealing. Apparently, however, the 343-my, band
regrows more slowly than the F band (see Fig. 3).

As mentioned before, great care was exercised to
avoid background strains. To do this, some crystals
were thermally treated at 650'C to eliminate internal
strains. This treatment proved to be extremely im-

portant for the annealing characteristics of NaCl.
Crystals annealed in helium atmosphere for 12 h at
650'C and slowly cooled (cooling rate no greater than
10'C/h) showed many new annealing stages of the Ii

band between 15 and 80OK as can be seen from Fig. 4.
This different behavior for the same grade of purity

samples, which differ only in thermal treatment, seems
to us to be a point which merits further consideration.
First of all it points out the absolute necessity of know-

ing the previous history of materials before a comparison
of results can be confidently made. It also points out
another important point: Though the results by Rabin
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FIG. 4. Annealing behavior of F band in a crystal kept for 12 h
at 650'C in a He atmosphere before irradiation. Irradiation at
45 kV and 30 mA for 21 h, 0.5-mm Al 6lter. Sample thickness
0.82 mm.

and Klick on the growth curves of the F band seem to
indicate an intrinsic behavior at very low temperatures,
this does not seem to be the case for our annealing
curves. Thus the inQuence of a thermal treatment on
the annealing of the F band reQects at least a partly
nonintrinsic character of the growth curves of other
centers in this low-temperature region.

CONCLUSIONS

Clearly, the basic factual conclusions from our results
are:

(1) There is volume expansion due to x-ray bombard-
ment of NaCl at 15'K of the order of 10 ' after 21 h of
irradiation with 45 kV/30 mA x rays.

(2) The volume expansion does not anneal below
80'K although drastic changes in the optical spectra
occur.

(3) The Ii and 343-mp bands grow together, bleach
together (though not to the same extent) and recover
quickly after thermal annealing, upon reirradiation, to
their former values and rates of growth.

(4) Thermal pretreatment of the crystals affects their
annealing behavior.

The fact that volume expansion does not change
measurably even after the 343-mp band and the F band
have partly annealed out indicates that changes in
defect configuration, through electron and hole motion,
do not affect much the lattice relaxation, The rapid

recovery of both F and 343-mp, bands indicates that
their annealing was related to an electronic change.
Should any point defect motion have occurred, during
the thermal annealing, the regrowth curve could not
have been so rapid. Presumably, the x-ray reirradiation
only furnishes the necessary electrons and holes to refill
the empty vacancies or traps. If volume expomsiom is
brought about by the creation of vacancies or inter-
stitials the addition or subtraction of electrons and holes
to those does not seem to alter appreciably the lattice
relaxation.

If the defect associated with the 343-mp band is a
"complementary" defect to the F center, the partial
annealing of the F and the almost complete annealing
of the 343-mp, band indicate that other centers are
taking part or appearing during the various annealing
stages. We propose to interpret those annealing, not as
ionization of F center through electron motion, but
rather as annihilation of the F-center electron by holes
coming from hole centers, probably the 343 mp. This
interpretation is supported by the following observa-
tions:

(a) We have found a very pronounced P' band in
our crystals. This suggests that their purity was high
since otherwise divalent impurities would have quickly
trapped most of the excess electrons. This F' band Chd

rot increase with F-center annealing, but rather de-
creased. Regrowth of F' band occurred with regrowth
of F band.

(b) A band to the uv at 278 mtl, which is probably
a V band gradually appeared during annealing of 343
mp. This would also explain why the 343 mp bleaches
almost completely and the F band only partially. Holes
would not only be used up for F- and F'-band annihila-
tion but also probably in the formation of the new V
band. Another conclusion can be based on our results:
the new band is not the 343-mp center stripped of a hole,
for not only does the 343 mp, recover, but the new band
keeps growing during the regrowth curve.

(c) Electron-hole annihilation probably by motion
of holes is also evidenced by other results, such as glow

peaks, and luminescence peaks in similar systems such
as KC1, found by Cape and Jacobs. '4

In connection with the reported behavior of the V~

band one can make other comments of a somewhat
more speculative nature: (a) The structure of the defect
associated with the 343-mp band is extremely important
for supporting a Seitz-Markham or a Varley mechanism
for F-center formation. If this band is associated with
an interstitial, then it would be expected that changes
in the electronic configuration of the center would lead
to changes in lattice relaxation, as was pointed out by
Wiegand and Smoluchowski. Unfortunately, no mag-
netic studies have been made of this band in NaCl. On
the other hand, the possibility exists that this band is
associated with a positive ion vacancy, and that hole

"J, Cape and G. Jacobs, Phys. Rev. 118, 946 (1960).
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addition or subtraction to the vacancy does not change
appreciably the relaxation, as seems to be the case of
the F center. Of course, another possibility exists that
the volume expansion is not associated at all with the
optical centers. In any case, this type of analysis should
be extended to KCl or KBr where the magnetic and
optical centers have been more extensively studied. (b)
If we suppose that the 343-mp band is a U~ band, then
one must make some comments about the model
recently proposed by Seitz" for this center. According
to this model, the Ul center consists of a chlorine ion
in a (er, rr, —,') position which accounts for the absence of
paramagnetism and dichroism of the center. The center
would be formed from an H center by an electron
capture and transfer of the Cl' into the body-centered
position. Our H center should thus have annealed
below 15'K and would probably be related to the
330-mp band observed by Duerig and Markham at
5'K. The annihilation of the Cl interstitial with the
Il center would most likely give rise to an annealing of
the volume expansion which was not observed. One
might thus say that our band is not the U&, but rather
that it is associated with the U~ center. In this case
holes from this center would annihilate the F and P
centers. In addition, the growth and regrowth curves

for this band (see Fig. 2) indicate a center composed of
a point defect plus an electronic component. Thus the
energetically "expensive" point defect is left after the
annealing and the copious electrons and holes provided
during x-ray irradiation just fill them up during the
regrowth. Of course, the possibility also exists that the
growth of the 343-mp band is controlled by an electron
or hole capture at other traps. If, on the other hand,
the Cl interstitial model is responsible for our band,
then it is very difBcult to understand its relatively rapid
recovery upon reirradiation.

Recently, Yuster" reported dichroism of the V&

band. This adds support for our interpertation of the
results here reported,
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It has been shown previously that both n V/V and the density of F centers produced by x irradiation of
LiF at 80'K anneal out partially near 130'K. Upon reirradation at 80'K the F band quickly recovers
while aV/V does not recover. In the present study, an additional annealing stage of aV/V and the F band
was found near 270'K. Upon reirradiation at 80'K after annealing at 270'K, neither hV/V or the F band
recover in contrast to the recovery after annealing at 130'K. The irreversibility of the 270'K annealing of
the F band indicates vacancy annihilation which apparently does not occur at 130'K. The formation of M
centers at the higher temperature suggests vacancy motion. The fractional annealing at 130'K was found
to be smaller than in previous work, presumably because of diFferent sample perfection before irradiation.

I. INTRODUCTION
''N this paper, the annealing of defects induced by
~ - low-temperature x irradiation of LiF is described.
The general problem was considered previously by
Wiegand and Smoluchowski and the present work is a
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the U. S. Once of Naval Research.

continuation of the earlier investigation. ' In the present
study, the irradiation-induced volume expansion has
been studied by a more precise photoelastic technique. '
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