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tern to which the Ising model applies. '
In conclusion, we have proposed a new meth-

od for measuring long-range order and have
applied it to a displacive transition of K,ReC1, .
The results are consistent with the predictions
of an Ising model.
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An electron-nuclear double-resonance study of the & center produced by x rays in rea-
gent-grade LiF shows the defect to be a F2 molecule located on a single lattice site but
associated with a Na+ impurity. , Attempts to produce isolated Il centers in high-purity
LiF have been unsuccessful.

The role of interstitials in radiation damage
of alkali halides is not completely understood.
The well-known I' center' is an electron trapped
at a, halide-ion vacancy, but what becomes of
the halide ion that is removed to form the va-
cancy is still an active research topic. Sever-
al years ago considerable information on in-
terstitials was obtained by Kanzig and Wood-
ruff' in an electron-spin resonance (esr) study
of the H center. They determined that this cen-
ter was the equivalent of an interstitial halide
atom but in the form of a negatively charged
diatomic halide molecule (e.g. , F2 ) located
on a single lattice site with the molecular ax-
is oriented in a [110]crystalline direction (see
Fig. 1). This Letter reports on an electron-
nuclear double-resonance (ENDOR) study of.
the H center in LiF.

The esr of the II center in LiF is character-
ized by a large anisotropic hyperfine interac-
tion between the unpaired electron spin and
the two nuclei (labeled 1 and 2 in Fig. 1) of

the molecule. Since the fluorine nucleus has
a spin of —,', the esr spectrum consists of three
lines corresponding to the three nuclear-spin
states [mr(1, 2) =0, +1]with a separation of about
S60 G between the center line [mr(1, 2) = 0] and
the side lines [mI(1, 2) =+1]. This part of the
spectrum is very similar to that of the self-
trapped holes~' (VA. center). In addition, each
line of the H center is split into a, miniature
version of the above splitting. This addition-
al splitting is produced by the interaction with
the two equivalent nuclei labeled 3 and 4 in
Fig. 1. The separation between the center line

[mr(3, 4) = 0] and the side lines [ml(2, 4) = +I]
is about 90 Q. This additional structure was
the main experimental evidence on which the
model of the H center' was based.

The ENDOR spectrum of the H center is shown
in Fig. 1. The principal-axis hyperfine con-
stants of the ENDOR nuclei are listed in Ta-
ble I. The H centers were produced by x rays
in a reagent-grade LiF sample with a temper-
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ature of 90'K or lower. The ENDOR data were
taken at about 40'K. Most of the data were tak-
en on a high-field esr line [ml(1, 2) = -1; mr(3, 4)
=0]. Angular dependence studies were made
for rotations about the two principal axes which
are perpendicular to the molecular axis of the

FIG. l. (a) Lattice model and the angular dependence
of the fluorine ENDOR lines. Data are plotted as
v(exptl) —y&. (b) Lithium and sodium ENDOR lines.
The sodium lines are shown in their correct positions
with respect to the lithium lines by plotting yNa(exptl)
-yz„.a.

defect. No data were taken for angles great-
er than 75' away from the molecular axis and
none were taken for rotation about the molec-
ular axis because the H-center esr lines for
these positions are hidden by the much larger
esr lines of the V~ center. Because of the an-
isotropy of the esr spectrum, data were tak-
en at different magnetic fields so the field vari-
ation has been removed in Fig. 1 by plotting
v(exptl) -y„H.

The surprising result is that the H center
in LiF is indeed an F, molecule located on
a single lattice site but associated with a Na+

impurity located at a nearest-neighbor site
(one of the 8 sites). In addition to the sodium
ENDOR lines, the splitting of line A for the
y-axis rotation and the presence of two nonequiv-
alent sets (F., E'; D, D') would not occur if the

F, molecule were not associated with the Na
impurity. Additional data (not shown) were
taken for rotation about an axis making a 60'
angle with the molecular axis. These data showed
a splitting of the line C which for symmetry
reasons is a single line for the rotations in
Fig. 1. The only expected splitting not experi-
mentally observed is for the T nuclei on the
molecular axis for the y-axis rotation. This
can be understood by comparison with the V~A
center in NaF. ' There the E fluorine nuclei
on the molecular axis show only a very small
splitting. The T nuclei. of the H center are
more distant from the F, molecule than are
the E nuclei of the V~A center. Therefore,
the splitting permitted by symmetry is too small
to be resolved.

The association of an interstitial with an im-
purity (Na+) larger than the host ion (i,i+) is
a surprise. Previous associations (e.g., Fg '&'

Table I. Principal-axis (x, y, and s) hyperfine constants in megacycles per second and orientations (n, p, and y)
with respect to the H-center principal axes (&, p, and Z).

Nucleus (deg)
P

(deg) (deg)

g (Li)
B (Li)
a (Na)
E (Li)
&' (Li)
K (Li)
C (F)
D (F)

(F)
r (F)

—3.93 + 0.04
2.48 + 0.04

—3.05 + 0.10
1.00 + 0.03
0.83 + 0.03

—0.33 + 0.12
—4.33 + 0.04
—6.81 a 0.90
—4.67 + 0.90

0.55+ 0.08

4.34+0.03
—4.87 + 0.04
—6.05 + 0.04

-0.31 + 0.12
1.06 + 0.11
2.18 + 0.60
2.38 +0.60
0.54 + 0..08

—3.00 + 0.02
-3.29 + 0.02
—5.39 + 0.02
—1.62 + 0.03
—1.45 + 0.03

1.15 + 0.02
-3.07+ 0,02
—5.10 + 0.10
—3.92 + 0.10

4.68 + 0.02

0
0

46+ 2
46 +2

0
~]

52 +2
52 +2
~0

23.5 + 1.0
0
0
0
0

28 +1
~]

53 +2
54+2

0

23.5 + 1.0
0
0

46 +2
46 +2
28 +1

0
8+2

15 +2
~0
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and t/~~'~1of color centers with impurities
have been with smaller impurities (e.g. , I.i
in sodium halides and Li+ and Na+ in potassium
halides). Past attempts' to produce an asso-
ciation between the self-trapped hole and Na+

impurities in LiF have been unsuccessful.
Since an associated H center was not expect-

ed, the LiF crysta, ls studies were not deliber-
ately doped with Na+ impurities. However,
since attempts to produce 8 centers in high-
purity Harshaw LiF were unsuccessful, the
samples used were grown from reagent-grade
material. Attempts' have been made without
success to produce II centers in high-purity
LiF by x rays at 4.2'K and by bombardment
with 4.5-MeV electrons at liquid-nitrogen tem-
peratures (sample temperature less than 90'K
during bombardment).

Since we have not produced the isolated H
center without the presence of the Na+ impu-
rity in LiF, we plan to examine KCl where the
production of the H center apparently occurs

in high-purity material.

)Partially based upon a thesis submitted by M. L.
Dakss for the Ph.D. degree at Columbia University.

*Work supported by the National Science Foundation
under Grant No. NSF-GP-3385 at Columbia and Grant
No. NSF-GP-4860 at Purdue.

)Present address: IBM Watson Research Center,
Yorktown Heights, New York.

5Alfred P. Sloan Fellow.
W. D. Compton and J. H. Schulman, Color Centers

in Solids (The Macmillan Company, New York, 1962).
W. Kanzig and T. O. Woodruff, J. Phys. Chem. Sol-

ids 9, 70 (1959).
3T. W. Woodruff and W. Kanzig, J. Phys. Chem. Sol-

ids 5, 268 (1958).
R. Gazzinelli and R. Mieher, Phys. Rev. Letters 12,

644 (1964).
5I. Bass and R. Mieher, Phys. Rev. Letters 15, 25

(1965).
F. Luty, Z. Physik 165, 17 (1961).

78,. Mieher, Phys. Rev. Letters 8, 362 (1962).
Measurements by Mr. Hou Chu, Purdue University

(unpublished).

ELECTRONIC VOLUME EFFECT IN SILICON+
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Volume contraction of a silicon crystal under intense illumination by laser light has
been observed and an explanation of the phenomenon in terms of an electronic effect is
proposed.

The generation of elastic waves in solids and
liquids due to the absorption of intense, short-
duration light pulses available from Q-switched
lasers has been discussed previously. ' The
energy of the light absorbed causes heating of
a surface layer; because of thermal expansion
a compression pulse is propagated into the sam-
ple. For a free surface, the boundary condi-
tions require that the compression be followed
by a tension pulse of equal magnitude.

In the present experiments, the laser consists
of a neodymium-doped glass rod Q switched
by a rotating prism to produce pulses of about
25-nsec full width at half-amplitude. For low-
intensity light of this wavelength silicon has
an absorption constant of z =40 cm '. The la-
ser output is monitored by a calibrated ITT
FW-114 planar photodiode. The samples are
cylindrical single crystals of phosphorus-doped
n-type silicon of 30- to 50-Q-cm resistivity,

with (111)faces lapped optically flat to 3 fring-
es and parallel to 30 secs. To measure the
amplitude of the stress pulse that has traveled
through the specimen, an X-cut quartz stress
gauge, 1.3 cm in diameter and 0.6 cm thick,
is bonded to the back face of the sample with
a, thin layer of Nonaq stopcock grease. ' The
piezoelectric current gives a record of stress
with time, which is displayed on the oscilloscope.
The operation and calibration of such stress
gauges have been described by Graham, Neil-
son, and Benedick. '

In Fig. 1(a) is shown the shape of a typical
laser pulse incident on the sample, as monitored
by the photodiode, on a, time scale of 40 nsec/
cm. The resulting stress pulse registered by
the quartz guage is depicted in Fig. 1(b); the
time scale is 200 nsec/cm and the gauge is ori-
ented such that an upward deflection on the os-
cilloscope screen indicates tension, while down-
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