LETTERS TO THE EDITOR
the transition discovered in antimony by Bridgman (4] from a jump in volume at 83.3 kbar, and
with the triple point reported by Klement et al. [2]
Since the Sb I -Sb II transition was not discovered
in [1 • 2], it seemed interesting to carry out a more
thorough study of the phase diagram of antimony
by a thermal analysis method. The description of
the experimental method will be published later.
The accuracy of the pressure measurements was
± 75 kg/cm 2 • The reproducibility of the thermocouple readings in one experiment amounted to
0.15 deg C. The scatter of the data from different
tests did not exceed 0 .5 deg C. It is evident from
Fig. 1 that the melting point of antimony (our
sample of which was 99.999% pure) is depressed
by pressure to a point with the coordinates:
P = 3900 kg/cm 2 , T = 627.8·c. Above this pressure, the melting curve rises and reaches a
maximum at the point P = 6700 kg/cm 2 ,
T = 628.6•c, and then it again begins to drop.
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In the region above 10 000 kg/ em 2 , our data
agreed, in general, with the data of Klement et al.
The minimum at P = 3900 kg/cm 2 , T = 627 .8•c,
was obviously the triple point but we were unable
to observe the thermal effects associated with the
solid-state transformation anywhere in the range
of investigated pressures. Most probably, the
thermal effect of this transformation is very
small. We assumed that the observed triple point
was the point of intersection of the melting curve
with the Sb I-Sb II equilibrium curve.[3] Vereshchagin and Kabalkina assumed that the Sb I -Sb II
transition is a second-order phase transition, but
the properties of the melting curve of antimony in
the region of the triple point indicated quite definitely a phase transition with a finite change in
volume. In our opinion, this contradiction is not
serious, since the change in volume should be
very small and may not have been noticed. Figure 2 shows the unified phase diagram of antimony. It is seen that this phase diagram is
another example of diagrams with a maximum in
the melting curve.
1 Butuzov, Ponyatovski'i, and Shakhovskii, DAN
SSSR 109, 519 (1956).
2 Klement, Jr., Jayaraman, and Kennedy, Phys.
Rev. 131, 637 (1963).
3 L. F. Vereshchagin and S. S. Kabalkina, JETP
47, 414 (1964), Soviet Phys. JETP 20, 274 (1965).
4 P. W. Bridgman, Proc. Am. Acad. Arts Sci.

FIG. 1. Melting curve of antimony up to 20 000 kg/cm 2 •
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FIG. 2. Unified phase diagram of antimony: • - data of the
present study; x - data of Klement et al.[ 2 ]; • - data of
Vereshchagin and Kabalkina. [']

the mechanism of the appearance and of the properties of the anti -Stokes component in stimulated
Raman scattering (SRS). The conditions under
which this scattering may appear have been
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formulated in the paper of Garmire, Pandarese,
and Townes.[1] The same authors have derived,
from indirect considerations, an expression for
the angle (with respect to the direction of the incident wave) at which the scattered component
should be emitted. Their derivation was based
only on a consideration of the interaction of plane
waves in a medium without reference to the
sources exciting these waves. The real sources
of the scattered radiation waves are, as in normal
Raman scattering, individual molecules of the
substance. The difference in the SRS case is that
the (pumping) light wave incident on a substance
(and scattered by it) is sufficiently intense to
alter considerably the electrodynamic properties
of the substance. The problem of the radiation of
a molecular dipole in such a medium is discussed
in the present communication. It is established
that the anti -Stokes component is emitted only in
the close vicinity of a certain angle (about the
direction of the incident wave) and that this angle
differs from the value given by Garmire, Pandarese, and Townes. [l]
The material equation for a medium in which
SRS occurs has been given in a number of
papers.[1- 3J According to these studies, theresponse of the polarization P to an external field
E is given by the equations

mx + Roi + jx =

1 da
---Ez,
2 dx

da

P =N dx xE.

(1)

The coordinate x describes the molecular vi brations and a represents the polarizability of a
molecule for a given (in general, nonequilibrium)
distribution of nuclei, N is the density of molecules in the substance. We shall consider below
only the case when the intensity of the wave
emitted by a dipole is considerably less than the
pumping intensity. Then, the dipole (of Stokes
frequency ws) excites only the Stokes and antiStokes components in the medium (this represents a certain approximation):

where wa == 2p - ws, ws ~ p - w0 , and p is the
pumping frequency, -representing a given wave
w 0 == .J f/m. To simplify the problem, we may replace the vector quantities Es and Ea with the
~calar quantities u Es and v satisfying,
m the absence of the pumping field, the usual
three-dimensional wave equations, which, in the
presence of pumping, acquire additional terms
fully analogous to the material equations which
follow from Eq. (1 ). As a result, we obtain the
following system of equations for the quantities u

E:,

and v:
4nf
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EP (p, t) = Re {eei CKPQ-pt>}, (3)

e-i"'S 1},

d is the dipole moment of the radiating source,
Epp is the electric field of a plane traveling
pumping wave. Equation (2) includes a dipole factor v for reasons which are explained below.
Let us assume that the z-axis is directed
along the pumping-wave vector Kp and that the
values of the vector p are expressed in spherical
coordinates p, fJ, <p. Then, the required solution
(at sufficiently high values of p ) is given by the
following expressions:
w(p) = dkffp-1 exp (iksl'~p),

u• ( ) = vd* k 2k 2 4nf
.P
S a p(l:l. _ i)
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( Re
> 0, Re ~ < 0 ). If we allow for the
conditions realizable in practice
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it then follows from Eq. (4) that the most interesting is only the range of angles e2 « 1. In this
range, Eq. (4) simplifies to:
n ( p) = dks2 p- 1 exp [ -

e."
~n ksp Jexp [iksnsp],
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es" k
X { exp [ - - - sP
.
2n
- exp
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ka[(ks/ka)n82 -An+ies''/n]

J

exp[ikanap]
}
[ eS'
2n kap ks[ (ka/ks) n 82 - An+ ies"/n] · (5 )

It follows from Eqs. (4) and (5) that in the case

of practical interest-Esksp/2n » 1-the antiStokes component is emitted only over a narrow
range (total width t::.e « e0 ) of the angles e0 ,
where
AS = <Oa les" I 1_ .
(6)
w s n 2 So
We note that Eqs. (4) and (5) for values v ~ 1 are
valid only for the angles e outside the immediate
vicinity of e0 • The same equations are valid for
arbitrary e (including 00) if v 2 « 1. If v = 1 the
Stokes component field becomes distorted in the
vicinity of e0 [compared with the expression (5)]
and the form of the maximum of the anti -Stokes
component also becomes slightly distorted.
The angle e0 is determined by the first term
in the braces of the expression for v *. The
second term also has a sharp maximum at
e = Oo = ( wst::.n/ Wan )112 • However' the value of
this term is negligibly small even at the maximum.
On the other hand, the angle 0 is equal to the
angle in which, according to [1], the anti -Stokes
component should be emitted. The reason for this
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disagreement is as follows. According to Eq. (5),
the wave vector K~ of the radiated anti -Stokes
component is Ka_ = 2Kp - Kg, where Ks = ksns
(the direction of the vector Ks coincides with the
direction of the e = e0 ray of the anti -Stokes
component). It can easily be seen that the vector
K~ is directed at an angle to this ray and, consequently, it makes an angle different from e0 with
the direction of the vector Kp (we shall denote
this angle by {3 ). Direct calculations show that
Ka =kana, {3 =eo.
Thus, the reason for the disagreement is this:
the direction of the anti -Stokes component ray
does not coincide with the direction of its wave
vector' but is at an angle eo +eo to it.
Finally, the author expresses his deep gratitude
to A.M. Prokhorov for his interest in this work
and to F. V. Bunkin for his valuable contribution
to the discussions of the results.
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