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ural oscillations of the plasma are too feeble
to be detected with a conventional floating probe
and microwave spectrum analyzer.

That this unperturbed plasma fluctuation
spectrum should peak at the natural resonances
of the plasma follows from applying the Nyqu-
ist theorem to the space-charge modes of the
plasma. Dougherty and Farley have used this
theorem to calculate the fluctuation spectrum
of an unbouded plasma and have obtained agree-
ment with theories based on equilibrium sta-
tistics of the plasma. The Nyquist theorem
qualitatively predicts that the absorption spec-
trum as determined by the measurement of
Fig. 1(a) should contain the same structure
as that resulting from thermal fluctuations.
This is borne out by Fig. 1(c).

Combination scattering makes possible the
probing of natural and driven electrostatic
oscillations of laboratory magnetoplasmas.
Since it has been proposed that the perturbing
effects of drifting electrons, electron beams,
etc. , are coupled into the plasma via electro-
static waves, we look toward using the scat-
tering of microwaves to monitor the onset of

plasma instabilities in the presence of these
perturbations.
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Malkin and Schultz, ' Williams, ' and Swans

have previously measured electron drift veloc-
ities in liquid argon. Their measurements were
made at electric-field strengths in excess of
1 kV/cm, where the electron drift velocity is
definitely nonlinear with respect to the electric-
field strength. Swans summarizes the data on
drift velocities in liquid argon as measured
by various investigators in Fig. 2 of his paper.
All of the curves in this figure are cut off at
electric-field strengths of the order of a few
kV/cm. Although the drift-velocity —versus-
electric-field curve must pass through the ori-
gin, the correct extrapolation to the origin for
each of these curves is difficult, and it leads
to a, number of different limiting slopes (the
mobility) as E, the electric-field strength, ap-
proaches zero. For this reason we believed
that it was of considerable importance to ex-
tend the measurements of electron drift veloc-
ities in liquid argon into the low field region

so as to obtain insight into low-energy electron-
scattering processes in dense, disordered sys-
tems. Indeed, at low field strengths we observe
a field-independent electron mobility, which

may be used to test the theory of Davis, Rice,
and Meyer, 4 while at the same field strengths
and at 145'K in Ar we observe a field depen-
dence of the mobility. In this note we focus
attention on the low field limit.

The time-of-flight mobility apparatus and
its mode of operation is very similar to that
used by Meyer and Reif in their experiments
in superfluid helium, and has been described
elsewhere. ' Two different types of electron
source were used in our experiments. In the
first series of experimental runs, we used a
Po'" alpha. -emitting source (approximately
400 microcuries). In our most recent runs
we have used a tungsten field emission tip. '
The currents collected from these sources were
in the range from 10 "to 10

187



VGLUME 1$, +UMBER 5 PHYSICAL REVIEW LETTERS 2 AuGUST 1/65

Swan7 has estimated from electron attachment
coefficient measurements in liquid argon that
at field strengths of the order of 100 to 200
V/cm, the oxygen impurity content would have
to be less than one part in 10' in order to ob-
serve drift velocities of electrons, and not neg-
ative ions as observed by Davis, Rice, and
Meyer. The first step in the purification pro-
cedure we have used involves the passage of
the argon gas through 45 g of activated cocoa-
nut charcoal at dry-ice temperature. This char-
coal had previously been degassed by heating
to temperatures between 400 to 500'C for 45
minutes while pumping to a pressure less tha, n
10 mm Hg with a liquid-nitrogen-baffled oil
diffusion pump. The argon was passed through
the charcoal trap at a rate of approximately
2 liters (NTP) per minute on route to liquefac-
tion in the cell. The second and most impor-
tant stage in the purification is the electrolysis
of the liquid argon for approximately two hours
at an electric-field strength of -100 V/cm to
remove electron trapping impurities present
in the liquid in the form of negative ions (pre-
sumably 02 ).

An elementary expression for the electron
mobility in a liquid, in the limit of weak scat-
tering, is

It can be shown that the cross section for
long-wavelength elastic scattering of electrons
is given by the relation Q = 4va'a(0), where a(0)
is the zero wave-vector limit of the Fourier
transform of the radial distribution function.
For a fluid such as Ar, a(0) = p&kTKT, whence
these thermodynamic parameters appear in
Eq. (1).

In Fig. 1, we display the experimental tern-
perature dependence of p, at a pressure of 7.0
atm and at electric-field strengths of —150 V/
cm and —200 V/cm. The temperature is known
to within +0.3'K. In Fig. 2, the pressure de-
pendence of p, is given at a, temperature of
100.3'K and a constant electric field of -200
V/cm. The pressures are known to within +0.5
atm. The dashed lines in Figs. 1 and 2 repre-
sent values for the mobility calculated from
Eq. (1) multiplied by a common scale factor
of 1.8. The scattering length used in these
calculations was obtained from O'Malley's pa-
per, ' and the thermodynamic data were cal-
culated from polynomial fits to the PV data
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where e is the electronic charge and m* the
electron effective mass, p~ is the number den-
sity of the liquid, k is Boltzmann's constant,
T the absolute temperature, KT the isothermal
compressibility of the liquid, (VT ) is the aver-
age of the reciprocal of the group velocity for
the electron wave packet over the Boltzmann
distribution, and Q is the elastic-scattering
cross section. The quantity a is the scattering
length, and is defined in terms of the s-wave
phase shift of the scattering potential. Equa-
tion (1) is based on the following physical pic-
ture: The electron is represented as a free
particle weakly scattered by the atoms of the
fluid. whether the electron is represented by
a plane-wave function or a wave packet, the
coherence between scattering centers determined
by the statistical geometry of the liquid leads
to phase relations between nearby scattering
centers.
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PIG. l. Electron mobilities in liquid argon as a func-
tion of temperature at a pressure of 7 atm. The open
squares represent experimental points observed at a
constant electric field of —150 V/cm. The solid cir-
cles represent experimental points observed at a con-
stant electric field of —200 V/em. The dashed line is
drawn through points calculated from Eq. (1) and mul-
tiplied by a common scale factor of 1.8.
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of Levelt Sengers. In Fig. 3, the electric-
field dependence of the electron drift velocity,
Ud, is shown. It is important to notice that the
experimental values of vd fall on straight lines
which pass through the origin. In this linear
region, p. is a, constant, as it must be accord-
ing to Eq. (1), and one can appropriately dis-
cuss a mobility.

From the data displayed we note the follow-
ing:

(a) If m* is assumed to be the free-electron
ma.ss, then a scaling factor of 1.8 is needed
to bring both the pressure and temperature
dependences of the mobility into rough agree-
ment with experiment. It is interesting that
the major part of the discrepancy between ex-
perimental and theoretical slopes in Figs. 1

and 2 can be traced to the temperature and
pressure dependence of p& and K~.

(b) If for m* we adopt the value 0.4me, as
determined from the exciton spectra of the
solid, ' then (m*) '"= 1.6, and the discrepancy
in magnitude between theory and experiment
is removed. However, it is not certain if the
optical effective mass should be used for low-
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FIG. 2. Electron mobilities in liquid argon as a func-
tion of pressure at a constant eleetrie field of -200 V/
cm and a temperature of 100.3 K. The dashed line is
drawn through points calculated from Eq. (1) and mul-
tiplied by a common scale factor of 1.8.

FIG. 3. Electron drift velocities in liquid argon as a
function of electric-field strength. The symbols repre-
senting experimental points observed on a given iso-
therm are as follows: open squares, 85.0'K; solid tri-
angles, 90.1'K; and solid circles, 105.5'K. Notice that
the points fall on straight lines which pass through the
orlgln.

energy electrons or, more importantly, in the
liquid.

We conclude that a zero-order description
of excess electrons in liquid Ar as free par-
ticles occasionally scattered by the atoms of
the fluid is a reasonable approximation. This
deduction has important implications for the
description of the excited electronic states of
liquids. Assuming the remaining discrepancy
between model and observation to be real, we

may question the suitability of isolated-atom
electron-scattering cross sections to describe
scattering in a. dense medium where many-body
effects may alter the effective single-atom-
scattering cross section.

Further studies of electrons in liquid Ar and
other rare-gas liquids are in progress, and
will be reported in the near future.
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The application of high-intensity laser radia-
tion to various materials has produced a num-

ber of nonlinear effects which in turn have

prompted a reformulation of the laws of optics. '
One consequence of this reformulation was to
establish relations between seemingly different
phenomena. The first example of these rela-
tions to be experimentally observed has been
between the linear electro-optic effect and in-
duction of a dc polarization proportional to the

intensity of a light beam (i.e. , optical rectifica-
tion) in crystals which lack inversion centers. '
General phenomenological considerations, how-

ever, do predict other relations, ' but to date
only effects of electric rather than magnetic
origin have been observed. The purpose of this
Letter is to describe the first observation of
an optically-induced magnetization in a nonab-

sorbing material, and to demonstrate the re-
lationship between this effect, which we will
call the inverse Faraday effect (IFE), and the

Faraday effect in the same material.
The IFE follows from the existence of a po-

tential function I", which for cubic or isotropic
media has the form'

+=xx SS *-8 g

where X is a constant characterist;ic of the ma-
terial, and gC is the dc magnetic field whose
positive sense is taken in the direction of light

propa, gation. The hR and gL are amplitudes
of right and left circula. rly polarized light,
respectively. For example, the electric field
for right circularly polarized light. is written

E(t) = 2 Re[(2) "'(x+iy)8 exp i (~t-kz)].
R

In the presence of a magnetic field, Eq. (1)
yields a contribution to the optical dielectric
constants. For right and left pircularly polar-

ized light we have'

O'F/-Bh a8 *=-Xse,
R R

b.e = O'F/8-8 8 S * =+ XBC,
L L L

which can be shown to lead to a rotation of the

plane of polarization of linearly polarized light
(Faraday rotation) through an angle 6/d = UH

per unit length. The Verdet constant V is

U= —4v'X/neo [rad Oe ' cm '],

n, is the refraction index in the absence of a
dc field, and Xo is the vacuum wavelength of
the light in cm.

On the other hand, in zero applied magnetic
field there is a magnetization

M=-sF/see=-X(S S *-h & *),
R L L

or in terms of measurable quantities,

M=~,U(2~c)-'[I -I ], (4)

where IR and IL are the intensities of right
and left circularly polarized light inside the
medium in cgs units [ergs sec ' cm '] and
Mis in G cm

The IFE has been observed in Eu+'. CaF„'
a number of diamagnetic glasses, and several
organic and inorganic liquids. Radiation from
a Q-switched ruby laser, 0.1 J with a half-am-
plitude pulse width of 3&10 ' sec, was circu-
larly polarized by a quartz X/4 plate. The mag-
netization was detected by a 30-turn pickup
coil wound on a phenolic cylinder and slipped
over either the cylindrically ground samples,
in the case of Eu+':CaF, a.nd the glasses, or
the cylindrical sample holder in the case of
liquids. All measurements described here
were done in zero applied dc ma, gnetic field.
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