
VOLUME 23, NUMBER 20 PHYSI CAL REVIEW LETTERS 17 NovEMBER 1969

We are presently extending our measurements
to energies of the pump light greater than the
band-gap energy. The author thanks Dr. G. Lam-
pel for his constant interest and encouragement;
also, it is a pleasure to thank Professor Solo-
mon for very helpful discussions, and Dr. P. La-
vallard and the other members of the Benoit a la
Guillaume group for the loan of a sample and the
use of their equipment.

*National Research Council of Canada post-doctoral
Fellow.

)Equipe de Recherche du Centre National de la Re-
cherche Scientifique.

A. Kastler, J. Phys. Radium 11, 255 (1950).
N. V. Karlov, J. Margerie, and M. D'Aubigne, J.

Phys. Radium 24, 717 (1963).
3J, Brossel and J. Margerie, in Paramagnetic Reso-

nance, edited by W. Low (Academic Press, Inc. , New

York, 1963), Vol. 2, p. 535.
4S. Geschwind, R. J. Collins, and A. L. Schawlow,

Phys. Rev. Letters 3, 545 (1959);J. Brossel, S. Gesch-
wind, and A. L. Schawlow, Phys. Rev. Letters 3, 548
(1959).

5G. Lampel, Phys. Rev. Letters 20, 491 (1968), and

Proceedings of the International Conference on the
Physics of Semiconductors, Moscow, U.S,S.R., 1968

(Nauka, Leningrad, U.S.S.R., 1968), p. 1139.
For a description of the band structure of GaSb see:

M. L. Cohen and T. K. Bergstresser, Phys. Rev. 141,
789 (1966); G. Dresselhaus, Phys. Rev. 100, 580
(1955); C. W. Higginbothman, F. H. Pollak, and

M. Cardona, in Proceedings of the International Con-
ference on the Physics of Semiconductors, Moscow,
U.S.S.R. , 1968 (Nauka, Leningrad, U.S.S.R., 1968),
p. 57.

7E. J. Johnson, I. Filinski, and H. Y. Fan, in Pro-
ceedings of the International Conference on the Phys-
ics of Semiconductors, Exeter, England, 1962 (The In-
stitute of Physics and The Physical Society, London,
England, 1962), p. 375.

P. Lavallard, thesis, presented at the Faculte des
Sciences de l'Universite de Paris, 1968 (to be pub-.

lished).
~G. F. Koster, J. O. Dimmock, R. G. Wheeler, and

H. Statz, Properties of the Thirty-Two Point Groups
(Massachusetts Institute of Technology Press, Cam-
bridge, Mass. , 1963).

See the discussion of the so-called "Transverse Op-
tical Pumping Experiments" on gases by C. Cohen-Tan-
noudji and A. Kastler, in Progress in Optics, edited
by E. Wolf (North-Holland Publishing Co. , Amsterdam,
The Netherlands, 1966), Vol. 5, p. 33.

~~E. Adachi, J. Phys. Chem. Solids 30, 776 (1969).
M. A. Habegger and H. Y. Fan, Phys. Rev. Letters

72, 99 (1964).

CRYSTAL STRUCTURE OF GAMMA NITROGEN*
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We have determined by x-ray diffreaction that high-pressure gamma nitrogen is te-
tragonal with two molecules per unit cell in special position f of space group P42/mnm.

At an average pressure and temperature of 4015+ 145 atm and 20,5 + 1.7 K, respectively,
the unit cell dimensions are a = 3.957 A and c = 5,109A, giving a molar volume of 24.09
cm3 which is in good agreement with the value 24.05 cm taken from piston-displacement
measurements.

Solid nitrogen is known to form three modifica-
tions; the n phase, which is cubic and exists be-
low 35.6 K at vapor pressure; the P phase, which

is hexagonal and extends from 35.6 K up to the
melting curve; and the recently discovered y
phase, "which exists above 3500 atm at low tem-
perature, and the boundary lines of which form a
triple point with the other two phases at 44. 5 K
and 4650 atm.

The experimental difficulties in carrying out
diffraction experiments on solidified gases at
high pressure are considerable and no previous
attempt has been made to determine the crystal
structure of y nitrogen. Such a determination is

of interest in showing how N, molecules, which
are already closely packed in the o. and P phases,
can be compacted further under high pressure.
A knowledge of the structure is also basic to the
interpretation of any future studies' of the pro-
perties of y N, .

We have determined by means of x-ray diffrac-
tion the crystal structure of y N, . A special tech-
nique was used to fill the sample holder in which
a measured amount of hcp N, was first formed
near vapor pressure and cooled to 50 K. The
pressure was then increased to around 4500 atm
with fluid He and the temperature was lowered to
about 20 K. During this latter process, the He



VOLUME 2$, NUMBER 20 PHYSICAL REVIEW LETTERS 17 NOVEMBER 1969

solidified and its contraction on cooling caused a
pressure drop of about 400 atm giving a final
sample pressure in the neighborhood of 4000 atm.
The diffraction pattern from the few crystals of
He that appeared in the x-ray beam was easily
distinguished from that of N, .

Two different sample cells were used. The
first was machined from heat-treated aluminum
alloy No. 71784 in the form of a cylinder of 0.063-
in. o.d. and 0.020-in. i.d. The absorption of this
cell was very high and, even with molybdenum
radiation, exposure times of up to 16 h were re-
quired. The N, diffraction patterns were charac-
teristic of polycrystals, and at several angles the
reflections were masked by the Al background.

During the course of the work, a high-strength
beryllium cell of 0.125-in. o.d. and 0.025-in. i.d,
became available and was used with filtered cop-
per radiation in a second series of experiments.
The N, solidified as a powder in this larger cell
and several additional reflections could be ob-
served because the cell was quite transparent to
x rays and because there was little coincidence
of Be and N, diffraction lines on the film.

Flexible copper braid allowed the cell to be
cooled from a liquid-He pot. ' Constant tempera-
tures between about 20 and 50 K could be main-
tained by balancing the cooling against electrical
heating. Oscillation x-ray photographs were tak-
en using either a flat-plate camera 5 cm from
the cell or a circular camera with a 7-cm radius.

Twenty photographs were taken of N, in the y
phase at an average sample pressure of 4015
+145 atm and an average temperature of 20.5

+1.7 K. A composite of ten different reflections
was observed which could be indexed on the basis
of a tetragonal lattice with a= 3.957 and c = 5.109

0
A. Assuming two molecules per unit cell, one

0

/y~

a = 3.957
PIG. 1. Unit cell of y N2 (tetragonal) showing atom

0
sites and cell dimensions in A. Dotted lines connect
nearest neighbors at 3.273 A; dashed lines connect

0
next-nearest neighbors at 3,447 A,

Table I. Observed and calculated interplanar spacings
and reQected intensities for tetragonal N2.
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~Average of 20 x-ray photos at 7=20.5+1.7 K and P
= 4015 + 145 atm.

Calculated from unit cell dimensions a=3.957 A and
c = 5.109 A obtained from least-squares fit of dab, .

Calculated assuming space group P42/mnm for pow-
der sample, Cu radiation, circular camera, interatom-

0
ic distance 1,100 A, and temperature parameter B=1.4
A2

Possible N2 reQection at this d value would be
masked by a coincident diffraction line from either Be
or Al cell.

computes a molar volume of 24.09 cm', which
is in good agreement with the value 24.05 cm'
taken from the pVT data of Ref. l.

Assuming that the surface of a molecule can be
defined by its 0.002 contour level of electron den-
sity, ' one computes' that N, molecules have the
shape of a prolate spheroid with major and minor
diameters of 4.34 and 3.39 A, respectively. The
size and shape of the N, molecule and the require-
ment of tetragonal symmetry place severe re-
strictions on possible locations and orientations
of the two molecules in the unit cell. The struc-
ture which best fits all requirements is one in
which the four atoms are at positions x, x, o; x, x,

~ 1 1. 1 ~ 1 1 10 2+x 2 x 2, and —,-x, —,+x, —„where 2&x
is the interatomic distance in the molecule in
units of the cell axis. For the interatomic dis-

0
tance, we used 1.100 A. These locations are
those of special position f of space group P4,/
mnm' and are shown in Fig. 1. Each atom has
near neighbors in the order: one bound atom at
1.100 A, two at 3.273 A, eight at 3.447 A, and
four others at 3.957 A, or one cell dimension
away.

In Table I are presented the observed and cal-
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ed with the molecules again lying flat and paral-
lel, but with their long axes directed along the
other square diagonal and at right angles to mol-
ecules in the adjoining layers. This arrangement
would seem to minimize the electric-quadrupole-
quadrupole energy of the crystal.

A complete treatment of the subject will be sub-
mitted to an appropriate journal and will include
a discussion of the o. and P phases at high pres-
sure and all three phases in nitrogen 15.

FIG. 2. Perspective drawing of y N2 (tetragonal)
viewed normal to (110) face showing close packing of
prolate molecules.

culated interplanar spac ngs and reflected inten-
sities for the proposed model of y N, . For hcp
N, at low pressure, the constant 8 in the Debye-
Vfaller temperature factor has been evaluated'
as 1.53 A'. In keeping with the higher density
and larger OD of tetragonal N» we have used the

o

extimated value B= 1.4 A' in computing the ex-
pected intensities of Table I.

The structure consists of two types of layers
which are perpendicular to the unique axis of the
unit cell as shown in Fig. 2. In one of these lay-
ers the molecules lie flat in a square array with
their long axes parallel and directed along one of
the square diagonals. Alternate layers are shift-
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A new energy parameter 8d is introduced to describe dispersion of the electronic di-
electric constant. This dispersion energy is found to obey an extraordinarily simple em-
pirical relation in the more than 50 ionic and covalent crystals for which reliable refrac-
tive-index dispersion data are available. Based on this result we derive a structure-de-
pendent electronic dielectric response function consisting of constant optical-frequency
conductivity with high- and low-frequency cutoffs.

A simple, physically appealing dielectric mod-
el of electronegativity and ionicity has been de-
veloped recently by Phillips and Van Vechten' '
using the concepts of homopolar and heteropolar
energy gaps. These authors find that a so called
"average energy gap" Eg can be computed for a
large group of diatomic crystals using simple
empirical expressions. This average gap may
be decomposed into a homopolar gap Eh and a

heteropolar gap C by the quadrature. relation E&'
=Eh'+C' and is defined (apart from a factor of
order unity) by the equation

E9' ——(@&up)'/[e, (0)-I ],
where hcoz is the plasma energy of the valence
electrons, and e, (0) is the static electronic di-
electric constant (e = e, +i&,).

In this Letter we introduce a new energy pa-
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