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Absiract. This communication reports the Hail mobility of electrons injected into liquid
xenon whose thermodynamic state is varied along the liquid-vapour coexistence line from
the triple point to 272 K. Contrary to what would be expected from transport theory,
when wer < 1, the Hall angle is not a linear function of the magnetic field. This is
particularly important near the mobility maximum, and is interpreted as arising from
interference effects. Their importance is a consequence of the fact that, to first order, at
the mobility maximum, the electron-phonon interaction is zero while elastic scattering
by large density fluctuations persists. Hot electron effects support this interpretation.
Beyond 272 K no Hall signal could be detected. Although this is an indication that
hopping conductivily is dominani, it is shown that the eventual localized states cannot
be associated with electrons trapped into density fluctuations associated with ihe pure
fluid.

1. Intreduction

In the course of this paper, we would like to report measurements of the Hall
mobility of electrons injected into liquid xenon. A brief report on these measurements
appeared previously in the form of a letter [1]; the present paper expands the previous
communication. .

Measurements of the mobility of electrons injected into insulating liquids have
been carried out during the last 30 years on a variety of liquids [2]. Despite the
extensive experimental data, the first model that appeared to represent reasonably
well the experimental results in the case of rare-gas liquids was published only a
little over a decade ago [3]. This modei pointed out that density fluctuations would
give rise to fluctuations of the energy of the conduction band. The coupling of
the electron with the Fourier components of the density fluctuations was thereafter
calculated following a formalism that paralleled the calculation of the phonon-limited
mobility in either metals or semiconductors. Another related predecessor of similar
ideas is the theory of critical opalescence.

The Basak and Cohen theory [3], just like the theory of critical opalescence,
predicts an infinite scattering in the vicinity of the critical point that is the resuit
of the divergence of the isothermal compressibility. Experiment instead does not
indicate that the electron mobility is zero near the critical point.

Ascarelli [4] modified the Basak and Cohen theory. It was realized that, on
account of the much shorter wavelength of the electrons compared to that of visible
light, there would be the possibility of large density fluctuations in volumes of the
order of half an electron wavelength that could not be well represented by the series
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expansion used by Basak and Cohen. Furthermore, density fiuctuations must remain
finite; it is impossible to have either a negative density or a density larger than the
close-packed solid. This was sufficient to remove the infinite scattering that appeared
in the linear theory.

Large localized density fluctuations must disappear (and be created) slowly com-
pared to the time it would take for a sound wave to propagate a distance equal to its
largest dimension. The thermal velocity of electrons is large compared to the velocity
of sound; therefore from our point of view, these density fluctuations are static, and
they scatter electrons elastically. This is reminiscent of the negligible recoil energy
imparted to a Mdssbauer nucleus embedded in a lattice.

Scattering associated with small density fluctuations described by phonons clearly
remains and must be added to that due to the static ones. Phonon scattering can be
treated in the same way as in the case of semiconductors; it is inelastic.

A central assumption of all of the above models is that the electron can be
described by a plane wave (or at the most by a Bloch-like wave), i.e, that hopping
(or tunnelling, thermally activated or not) between localized states in the tail of the
conduction band does not dominate transport.

Symmetry considerations allow the coexistence of localized and delocalized states
in a disordered material like a liquid. The predominance of one type of states over
the other will depend on details of the potential experienced by the electrons. This
potential is a semsitive function of the atomic (or molecular) density. This is ex-
emplified by two recent calculations [5, 6]. In one of these [5] the position of the
conduction band with respect to vacuum, V,, is calculated based on a percolation
model: electrons whose energy is above the threshold for the ‘lakes to ocean’ transi-
tion are in the conduction band, those below are in localized states. There is exccllent
agreement between the measured [7] and the calculated value of Vj, in the case of Xe,
not as good in the case of Kr and Ar. The other calculation [6] is instead carried out
in the framework of the path integral calculations for the polaron {8, 9] and, depend-
ing on the choice of how to describe the wavenumber dependence of the isothermal
compressibility, the authors [6] find localized states in Xe in the immediate vicinity
of the critical point.

It is appropriate to point out that other successful calculations of V/, exist based
on both the path integral method [10] and a pseudo-crystal approximation [11].

The experimental values of V|, are [7] such that, over the range of densities
characteristic of liquid xenon, Vj changes by about 0.1 eV. Therefore this is the
maximum possible value of a potential well associated with a density fluctuation
where the electron could be trapped. In order to have non-zero binding energy, the
well of depth AV, must have a radius R larger than [i2]

232
3 _ ™A .
= S . L

Taking for m” the experimental value of the effective mass {13], 0.27m,", the value
of R equals 17.7 A. It will have to be increased significantly before an electron will
have a binding energy near kg T.

These large density fluctuations are only present in reasonable concentrations,
very close to the critical point. They can only have a significant effect on transport
properties when their concentration is large compared with the electron density and
when their separation is small enough for an electron to tunnel between them. The
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magnetotransport contribution of the tunnelling current is in general much smaller
than that arising from the motre traditional contribution {14, 15], and for holes it may
even have the same sign as for electrons!

Another form of localized state is possible in which the electron is elastically
scattered by distinct density fluctuations and eventually returns to its point of depar-
ture. The multiply scattered waves may then interfere constructively and give rise to
something that has some characteristics of a bound state.

This phenomenon is what is labelled weak localization and has been the focus
of intensive studies in metals [16, 17]. In solids it is revealed by anomalies of the
magnetoresistance that are particularly detectable in the two-dimensional case, ie.
thin films. Other kinds of waves, e.g. photons, show a similar behaviour [18].

2. Sample purification and sample cell

The manufacturer’s analysis of the xenon gas indicated < 0.3 ppmO,, < 2.0 ppm
N,, < 0.9 ppmH,0, < 1 ppm CO,, < 0.1 ppm hydrocarbons and < 3 ppm for the
combination of Kr, H, and Ar.

The gas was further purified by slowly passing it several times over pellets of
getter alloy [19] ST707 held at approximately 400 °C in a stainless steel system whose
base pressure was approximately 1 x 10~° Torr when the getter was hot.

The remaining steps in the purification are similar to those used in the case of
Ar [20].

The configuration of the sample cell was identical to that used in the case of
argon except for the fact that the outer alumina plate, supporting one of the plates
of the capacitor used for measuring the dielectric constant, was metallized on both
faces. The outer face, which was electrically insulated from the inner one that made
up one of the plates of the capacitor, was grounded, so as to decrease the changes of
stray capacitance associated with the motion of the assembly inside its stainless-steel
container. Except where indicated, the measurement technique was the same as in
the case of argon [20]. ,

The temperature was measured by means of a 100 D platinum resistance ther-
mometer [21] immersed in the liquid just below the resistive plates and connected in
the four-wire configuration. The thermometer current was 0.1 mA. Reversal of the
thermometer current was used to cancel the unavoidable thermoelectric voltages that
develop at the wire junctions.

" The temperature dependence of the resistivity of platinum is given by the
Callendar-Van Duren equation [21, 22] whose coefficients are given by the manu-
facturer [21]. Only one quantity is necessary to calibrate an individual resistor: the
resistance at 0°C. After the calibration was established it was checked by measuring
the triple point of xenon. The measured temperature was 0.23 K too high. This
copstitutes an uncorrected systematic error that decreases towards zero at 0°C. Ex-
trapolated to the critical point, where its importance would be the largest, it gives
rise to an error of 0.04 K

Electron-hole pairs were created by an x-ray beam produced by 4 MeV electrons
from a linear accelerator that are stopped in a lead foil. The radiation is collimated
by a 1.7 x 4 x 240 mm? tube. This collimator is narrower than that used in the case
of argon [20]. As a result the Pb target was in a region inside the yoke of the magnet
where the magnetic field did not saturate as readily as in the case of argon. No
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deviation of the electron beam was noticed up to when the magnetic field between
the pole pieces was well beyond 1.2 T.

The repetition rate of the ionizing pulses was kept at 4 s~ and the electron
density that was produced by each puise of the accelerator was between 10° cm
and 10°% cm™3 over a volume 1.7 x 4 x 10 mm3 It was checked that changing the
repetition rate to either 0.9 or 7.5 s~! did not affect the experimental results. This is
an indication that no free charges remained from one pulse to the next. The absence
of a signal just before the x-ray pulse gave further confirmation of this conclusion.

From the measurement of both temperature and pressure, the density can be
calculated using an equation of state; several authors have fitted experimental data
to an algebraic expression suitable for computer calculations [23-26]. Up to 240
K the saturated vapour pressure equation given by Theeuwes and Bearman [25] is
indistinguishable from that of Juza and Sifner [23] but above this temperature the
equation given by the latter appears to be in better accord with the experimental data
and was used up to 275 K. The density was calculated using the expression given by
Street et al [24].

An independent measurement of the density of the fluid was obtained from the
measurement of the dielectric constant and the application of the Clausius-Mossotti
relation. Alternatively, this could be used with the density data from the equation
of state, to obtain the polarizability of liquid xenon. Using the latter we find that
the density-independent Clausius-Mossotti (CM) function is: cM=(10.05 % 0.02) x
10~3 1 mol™!, in excellent agreement with previous measurements [27, 28].

The temperature of the sample cell, and the temperature pradient along the
stainless-steel tube that supports it, were independently controlled by means of three
separate heaters whose temperature control systems had separate thermistors as sen-
sors in the feedback loop. The temperature along the stainless-steel tube was mea-
sured by means of copper—constantan thermocouples. To improve the thermal contact
between the thermocouples and the outside wall of the stainless-steel tube, they were
indium soldered to it.

To decrease the heat exchange between the sample cell and the liquid-nitrogen
bath, the sample cell and the supporting tube were wrapped in aluminized mylar and
enciosed in another tube immersed in liquid nitrogen, that in turn was evacuated
to about 10~2 Torr, a pressure low enough to ensure that the main mechanism for
heat exchange was radiative. This prevented a temperature inversion and decreased
very much the current that had to be supplied to each heater. As an example, near
the triple point, the electrical power into the two lowest heaters was of the order of
5 mW and no power was supplied to the top one. This input power increased to
about 50 mW at 270 K.

3. Experimental results

The tangent of the Hall angle was measured between 161.7 K (triple point 161.37
and 272.1 K (critical point 289.734 K) along the liquid—vapour coexistence line. The
experimental errors are estimated to be approximately 10% except for the two highest
temperatures, where the errors are about twice as large.

Classical Boltzmann transport theory [29] provides an expression for the tangent
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of the Hall angle (©)

tan @ = % =2 @
where
A=(rvémy) 2

where T is an energy-dependent collision time and w, = eB/m*.

In the limit of small w,, tan® = E,/E, = —e({r)/(r}))B/m" = —py B
where p,, is the Hail mobility and B is the magnetic field. The brackets { } indicate
an average over the electron distribution. In the large magnetic field limit when
w,T > 1, tan® = eB/(m*(1/7)). In general these two limits are not equal and
we should expect that deviations from a linear dependence of tan © on B should
occur in the region where w,T ~ uy B ~ 1. Knowing T as a function of energy,
these deviations can be calculated.

The voltages that produce the fields £, and E, are directly measured. The
voltage applied to the resistive plates is known and so is their length, from which the
corresponding field E_ is calculated, The separation between the resistive plates is
known and the voltage that must be applied to balance the effect of the magnetic
field is measured (see [20]), from which one obtains E,.
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Figure 1. Measured mobility of electrons injected in liguid xenon: (x) Hall mobilify,
present measurements; (o) TOF mobility [30]; (A) model calculation [31); (O) ToF
mobility [49); (V) TOF mobility [32]. The curves are drawn as a guide to the eye.
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Figure 2. Calculated ratio of the Hall and drift mobilities [31).

The resuits of the Hall mobility measurements are shown in figure 1. The resuits
of the TOF measurements [30] as well as the results of the maobility calculation [31]
are shown in the same figure. All the data refer to electrons in a liquid in equilibrium
with its vapour, i.e. along the liquid—vapour coexistence line. The calculation of the
ratio of the Hall and the drift mobility is shown in figure 2. The asymmetrical shape
of this curve reflects the fact that phonon scattering rapidly dominates the mobility
because the velocity of sound rapidly decreases with the approach to the critical point.

The measurements displayed in figure 1 were carried out with electric fields
between 1.4 and 3 V cm~! except near 272 K, where a field as high as 4.9 V cm~!
was used. Hall mobility measurements using fields as high as 15.8 V cm~! were
attempted at 275 K, but no effect of the magnetic field could be detected above
221K

Examples of the magnetic field dependence of tan © are shown in figures 3 and
4. As is obvious from the data in fipure 3 even at relatively modest electric fields, the
mobility is strongly electric-field-dependent. Such a dependence has been observed
by others [30, 32]. Although this is assigned to hot electrons, no self-consistent
calculation that considered the detailed mechanism for such a non-ohmic response
has been carried out.

The main features of these data are the discrepancies between the temperatures
(or densities) where the maxima of the TOF and Hall mobilities are found, as well as
the differences between the magnitude of the calculated and measured Hall mobility
maxima. Finally, possibly the most interesting feature is how the non-linear depen-
dence of tan © on the magnetic field increases towards the mobility maximum. The
disappearance of the Hall signal beyond approximately 272 K while the TOF signal
remains observable is an indication of hopping (or tunnelling) transport, whose details
remain, however, unclear,

Despite its obvious interest, magnetoresistance could not be measured. Not only
it is expected to be of higher order in the magnetic field than the Hall effect, but
it would have required either a shorter accelerator pulse and less noise from the
discharge of the pulse-forming delay lines, or the addition of wires in the sample cell.
Space limited the latter.

4. Interpretation of results

The first discrepancy mentioned in the previous section that we would like to address
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Figure 3. Magnetic field dependence of tan ©: T = 161.8 K, n = 13,58 x10%! cm—3,
(V) 1.58 Vem™', (@) 7.77 V cm™!, the small non-linearity in the curve is possibly
just beyond the deviation from a straight line that could be expected from experimental
error; A: T=217.4 K, n = 11.69x% 10% cm~3, (A) 1.58 Vem ™2, (o) 1225 Vem™1.
The curves through the points are just to be taken as a guide to the eye.

is the lack of coincidence of the density (and temperature) where the maximum found
in the Hall mobility and that found in the TOF data are observed [30].

We believe that this difference, that corresponds to 5.5K, is due to the fact that
in [30] the temperature of the liquid was taken as equal to the temperature measured
by a thermocouple located on the outer portion of a cell with 1 cm thick glass walls
containing the sample. Similar discrepancies were found in the case of argon [20, 33]
but disappeared when the Hall mobility data were compared with the TOF mobility
data obtained from a sample whose temperature sensor was in better contact with
the liquid [34].

A more serious discrepancy is the larger difference of the densities where the
experimental and the calculated mobilities peak. The mobility models [3, 4] indicate
that the mobility maximum is a consequence of the minimum of V;; the density of
both should therefore coincide. A difference of 15 K is outside the experimental
errors.

In argon [20, 33, 34], krypton [35], neopentane [36, 37} and tetramethylsilane
[37], where both the mobility and V,, have been measured as functions of density, the
minimum of V; is at densities below that corresponding to the mobility maximum. In
the case of methane the maximum of the mobility and the minimum of V; appear to
coincide [38]. :

This author [20] suggested that the density where V¥, has a minimum, and where
44 has a maximum, do not coincide because the average density of the fluid is lower
than that in the immediate vicinity of the photocathode used to measure V. The
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Figure 4. Magnetic field dependence of tan ©: (o) 1960 K, 1.25 x 10?2 cm—3; (A)
1835 K, 1.29 x 1022 em—3; (+) 173.1 K, 1.32 x 1022 cm—2, All data were taken with
a field of 1.58 V.
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cause is that the interaction of an atom with the photocathode is larger than the
interaction between two similar atoms. This is the origin of surface tension. The same
suggestion was made by De Gennes [39] in connection with the wetting transition
and by Israclachvili [40] in comnection with the forces acting between two plates
separated by a few nanometres. In the case of liquid ammonia, Bennet et af [41]
indicate that there is a preferred orientation of molecules in the immediate vicinity
of a photocathode. Finally, reflecting the fact that V, is negative for xepon, scanning
tunnelling microscopy [42] indicates a dramatic increase of the tunnelling current in
correspondence to the positions where xenon is adsorbed on the metallic surface.
This increase in density is due to the polarization of the atoms by the image potential
created by their randomly fuctuating electric dipole. It is this interaction [39, 43]
between the random dipole associated with the van der Waals forces and its image
that is the mechanism that creates an increase of the atomic density next to the
surface.

This difference between the density of the fiuid next to the photocathode and that
of the bulk is not expected to be constant at all densities. It should be largest near
the critical point and be small near the triple point, where the density is closest to
that of the close-packed solid.

The discrepancy between the magnitude of the calculated and the measured mo-
bilities is likely to have at least two origins.

In the mobility calculation {4, 31], a rough approximatiocn was made when con-
sidering the effect of static density fiuctuations on the portion of the scattering due
to phonons. This is important near the critical point but has a negligible effect near
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the mobility maximum of xenon, which is ~ 7T, /4 ~ 72 K below the critical point.
Here static density fluctuations do not have a large effect on the parameters that
determine phonon scattering. By way of contrast, the higher-order term that would
describe, for example, the scattering by two phonons was not taken into account in
the model calcujation [4, 31]. As a result there is likely to be an overestimate of the
phonon-limited mobility.

The contribution of other scattering mechanisms beside phonons and static den-
sity fluctuations cannot be excluded and there is evidence that they are particularly
important near the mobility maximum, where the other scattering mechanisms are
small. When the mobility measurements at 217 K were repeated about 4 months
after those reported here, the mobility had decreased about 20%. This decrease [ol-
lowed the condensation of the gas in the cylinder attached to the sample cell, which
had remained at room temperature for a large fraction of a year.

Based on the analysis of the residual gas with a quadrupole mass spectrometer, the
most likely impurities are CO and CO, that desorbed from the walls of the system,
which remained at room temperature. The rate of desorption can be estimated from
the limiting pressure attained before filling the cell with the sample gas.

The cross sections for scattering of electrons by CO, and CO in dilute gases [44,
45) are respectively ~ 1 x 10~!* cm? and ~ 2 x 10™* cm?. In order to explain the
decrease of the mobility over a period of several months, the required cross section
of the scatterers must be about 20 times larger than that of electrons in gaseous CO,.
We do not know how to evaluate if such a cross section is reasonable. ,

Of all the previously mentioned discrepancies the most interesting are the non-
linear dependence of tan © on the magnetic field, and the disappearance of the Halil
signal above 272 K. Below we will describe an interpretation of the magnetic field
dependence along the lines used to describe localization in metals {16, 17], or of
light in turbid solutions [18]. The explanation of the electric field dependence of the
mobility requires a detailed knowledge of both the energy-loss mechanisms and the
electronic density of states (i.e. the equivalent of the energy-momentum relation in
the case of a crystal} so that the electron distribution can be evaluated. Neither is
available.

4.1. Weak localization

Consider an electron that is repeatedly scattered at positions r,, 7y,...,Fp. The
probability that the electron returns to a position r,, such that r = |r —»,| is given
by the solution of the diffusion equation, ie.

1 2
P(f’, t) = WEXP (—ITD‘-{) (S)

where P(r,t) is the probability that after a time { the electron ends up a distance r
from its starting position. D is the diffusion coefficient of the electron.

The electron is not, however, a classical particle. The resulting scattered wave will
have a probability density that is not isotropic even if the individual scattering events
at ry,...,r, are isotropic because the waves scattered at r, and r,, interfere (just
like in the case of the optical double-slit experiment). The square of the scattered
probability amplitude is proportional to cos® §/2 where & is the phase difference of
the waves scattered at », and r,. Such an interference is only possible if the waves
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scattered at r, and r,, are coberent, i.e. all the scattering events at r,,...,r, are
elastic.

In the above description the scattering from », to r,, has been treated differently
from that taking place in the reverse order. Symmetry can be restored, and the results
are unchanged, if we consider the phase difference of the wave scattered from r, to
r,y and that scattered in the reversed order from rp, to »,.

The total path length from », to ry is limited by the condition that all the
scattering be elastic and its most probable length is equal to the inelastic mean free
path L. By way of contrast, the average between the elastic scattering events is
the elastic mean free path A, which also determines the diffusion constant D when
L>» A.

Despite the fact that the electron is not a classical particle, the correspondence
principle assures that the average probability that the electron returns to the vicinity
of the origin can be approximately calculated classically using the diffusion equation.

For particles of velocity v, 1 = L/v and D = vA /3. Inserting in the expression
for {r?} = 6Dt one finds {r?) = 2LA. In the case of either metals [16, 17] at low
temperature or light [18], L > A, the ratio L/A reaches a few thousand.

The phase difference of the waves scattered at r, and r,, (figure 5) is given by

b=kt k) -(ry—r)=q-(ry-7). (6)

Here k; and k; are the wavevectors of the electron after and before scattering,

Figare 5. Scattering of an electron from ry,r2,...,vx. The path difference of the
wave scattered at r; and ry is &y — Ip.

In the backward direction, electrons of all momenta interfere constructively, just
as in the corresponding case for light. The width of the interference pattern will,
however, depend on the momentum of the electrons since g = 2k sin(8/2). Here 6
is the scattering angle (figure 5). The first minimum of the interference pattern will
occur when g+ (ry —7ry) = .

It is clear that if we wish that the width of the first interference maximum will
correspond to a large value of ¢ we must have

1
lq] 2 k| 2 ———. ™

T e =l
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This will assure that a large fraction of the electrons of wavevector k| will contribute
to the interference maximum, or alternatively that, for these electrons, there is a large
range of angles between g and (rv—7m1)

When k| » |ry — 7|71, few electrons contnbute to the interference maximum
because the range of angles 9 within the central interference maximum is small. In
the case of xenon [r — ;| is of the order [31] of 8 x 10% A and the corresponding
energy A%/2(ry — 7 )?2m" is far below kg T

=
~

8.3

b
=

o
w

o
-

2.t 4.0 6.0 8.0 10.9

E/kBT

Figure 6. Elastic mean free path A as a function of electron energy near the calculated
mobility maximum {2300 K, n = 1,121 x 10?* em™3}. The smallest volume for the
density fluctuation that is considered has on average 256 atoms (dotted curve) or 128
atoms (full curve). The caleulation quoted in the text correspands 1o the case when the
smallest volume where the density fluctuation takes place has 256 atoms [31]. The sharp
peaks that appear in the figure are a consequence of resonances produced by the square
wells used to describe the potential associated with density fluctuations.

In figure 6 we plot the electron mean free path due to scattering by static density
fluctuations as a function of electron energy corresponding to a temperature in the
vicinity of the calculated mobility maximum. This curve is obtained using the same
computer program used in [31]. As pointed out in this reference, the sharp resonances
are the consequence of the fact that the static density fluctuations were considered
to have sharp edges and thus give rise to square wells and barriers. It is the energy
dependence of the mean free path duve to scattering by static density fluctvations, as
well as the constant mean free path arising from phonon scattering, that are used in
calculating the mobility shown in figure 1, as well as py/p4 shown in figure 2. The
only adjustable parameter in the calculation is the electron effective mass, which is
taken as 0.27m,, in agreement with the effective mass estimated from exciton spectra
[13].

The application of the magnetic field changes the generalized momentum p into

= (p— eA) and modifies the interference condition from §, = ¢ (ry —r ) < 7
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by adding a term

52=% eA-dz=2_;i'/SVxA-ds=3§®5 8)

to the phase. The first integral is taken over the path r;,...,rx,7; and the factor
2 arises because the phase of the wave travelling in the clockwise direction increases
while that of the wave travelling in the anticlockwise direction decreases by the same
amount (figure 5). The quantity ® ¢ is the flux of the magnetic field through the area
bounded by the path »,,...,r5,r,. This area may be estimated as not Jarger than
that of a circle whose circumference is L. The condition that many electrons can
contribute to the interference is that

h
hk — = ~ e
!( EA)‘ iﬁ'kol i('rN _ 1,,1)‘ - o — (9)
where fik, clearly corresponds to a small momentum. This equation implies that
when the magnetic field is increased (and therefore A is increased) the magnetic
field sweeps electrons of increasing momentum into the interference condition. These
electrons do not contribute to transport.

Such effects are unimportant in metals because the state of the electrons we are
considering is always very much below the Fermi energy and therefore they do not
contribute to transport phenomena. In the case of metals, L/A is large (~ 1000)
and the flux of the magnetic field through each one of the many possible virtual
paths followed by the electron gives a different contribution to the phase shift of the
scattered wave, thus cancelling any interference effect. In the present case, this ratio
is only of the order of 5 and the number of equivalent paths is thus small,

Since hk, is small we will commit only a small error if we consider that the
electrons that give rise to the interference are centred around p = eA and that they
represent a fraction of the total number of electrons of that momentum, i.e. that

2
AN = Cp? -—F _}|a 10
P [exp ( Zm*kBTH 2 (10)
electrons do not contribute to transport.

We must now calculate tan © using the electron distribution that has the ‘hole’
described by the above equation. Equation (2) becomes

(e wer? 2 Vsar)
tan © = {<1+(wCT)2> “C(l +(wcr>2) [""P (‘m*chT AP

e | A e
' an

An additional factor p? appears in this equation because the calculation of tan ©
arises from the ratio of the calculations of two currents and, according to the Boltz-
mann equation, there will be two factors p, one arising from the velocity of the
carriers and the other from the term &f,/ép where f, is the equilibrium Boltzmann
distribution. The factor C hides the integration over angle variables, while the range
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of momenta Ap is in part connected to the direction of incidence of the electrons
with respect », — r,, and in part reflects the fact that the separation between these
scatterers is not uniform. In principle an integration over ail momenta should be
carried out. What is being done instead is considering a ‘hole’ in the electron dis-
tribution as if it could be replaced by one with infinite steep walls and width Ap so
that pAp/m* is small compared to kgT.

Expanding the above equation for tan © in series and keeping only the terms
linear in Ap one finds

2
tan © = tan @0 + Cp4(wcf —tan @0).{%}'}%%

x [exp (_ﬂn}%f)] Ap. (12)

In this expression tan @ is the value of tan © that would be observed in the absence
of this interference phenomenon.

We can now introduce the fact that |p — eA| ~ [p,| where p, is small, i.e. we can
write [p« (ry ~71)]* = (e®5)?. For a fixed |p| the average of the left-hand side of
this equation is (1/3)p?(2LA). The average of the right-hand side of the equation
is 4¢® B252/3, where S is the area enclosed by the path =,,...,r5,7;. As pointed
out earlier the upper limit for S is the area of the circle whose circumference is L,
ie, S = L*/4x, Substituting in the expression for tan © one finds

2 3
A:tan@n—taneocB4exp{— [m (EA—) BZ]}. (13)
Bre

This expression predicts that log(A /B*) should be proportional to B?/T, pro-
vided neither log{(7/[1+ (w,7)?]} nor L3/A is a rapidly varying function of energy.
T, is the electron temperature that characterizes a Maxwellian distribution. In the
case when the applied electric field is sufficiently small, the electron temperature is
equal to the temperature of the liquid.

In figure 7 the data of figure 3 are plotted 5o as to test whether the expression
for A is a good representation of the experimental data. It was assumed that tan @,
varied linearly with B and the slope was assumed equal to the observed value at Jow
magnetic field. The calcnlated mean free path associated with the scattering by the
static density fluctuations [31] near the mobility maximum is shown in figure 6; the
phonon-limited mean free path L is well known to be independent of the energy of
the electrons provided the non-equilibrium phonon distribution (in the case of hot
electrons) can be neglected. This appears reasonable on account of the small electron
density.

The plot in figure 7, corresponding to the data taken with a 1225 V cm~!
field, shows that, in the case of warm electrons, the form of A is consistent with that
expected from a Maxwellian distribution. From the slope of the straight line the warm
electron temperature appears to have increased a factor ~ 3 above the teraperature
of the liquid while the electron mobility (obtained from the tan © versus B plot
when B — 0) is decreased by 4772/8348 ~ 31/2 (more digits were kept in this ratio
than is warranted by the accuracy of the measurements).

These results must, however, be taken with caution on account of the paucity
of data and the experimental errors, which could easily mask either a deviation of
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the warm electron distribution from a Maxwell-Boltzmann distribution or the energy
dependence of other parameters, e.g. m*, L or A.

Another type of comparison can be made between the experimental data and
the model calculation by comparing the value of L3/A obtained from the slope of
the low-field data in figure 7 (L3/A = 4 x 10° A?) and the value calculated [31):
L3/A =8 x10°% A?,

Considering all the approximations made in the course of the calculation, the
agreement is astonishingly good.

It is worth while to point out that the present analysis for xenon can also be
applied to argon near the mobility maximum. At the time [20] was published, the
non-linear dependence of tan © on the magnetic field was puzzling. A plot of these
data, using the same variables as in figore 7 is shown in figure 8. The agreement
between the calculated and the experimental values of L3/A is comparable to that
in the case of xenon. The value of A is significantly smaller than in the case of
xenon and the number of data points is extremely small. For these reasons, a note of
caution was expressed by the author when this interpretation was initially presented
[46].
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Figare 7. Data from tan © for liquid argon near the mobility maximum [20} plotted so
as to test the form of equation (14).

Before concluding this section it is appropriate to point out that the same form of
relation between log(A /B*) and (L3/A)(B?/T) could be obtained using a slightly
different model.

When an electron scattered from r, to r, and back to », experiences a phase
shift of 2z n (n an integer), this corresponds to having a bound state. Again for low
values of n the electron momentum (p,) must be such that p2/2m" « kgT. The
application of the magnetic field introduces a phase shift eP ¢ /A. In order to maintain
the resonance condition the value of p must increase so that }(p ~ eA)| = |p,|. The
remaining reasoning follows exactly the same lines as before. The only difference in
the result will be a decrease of the numerical coefficient multiplying (L3/A)(B2/T)
by a factor of about 4%

On account of the numerous approximations that have been made, as well as the
fact that the measured Hall mobility is about three times smaller than the calculated
one, it js difficult to decide whether one model is in significantly better agreement
with experiment than the other.
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Figure 8 Data from figure 3 near the mobility maximum plotted according to the
predictions of equation (14). The detailed form of the magnetic field dependence of
tan ©g above about 1 T depends on the energy dependence of the collision time. On
account of the uncertainties a linear dependence was chosen. Using the calculated values
of tan © at 230.0 K, the deviations from a linear bebhaviour would have been less than
10% at 1.2 T, (A), electric field 1.4 V em™!, (o), electric field 12.25 V cm™!. The
temperature is 217.4 K in both cases,

4.2. Hopping conductivity

It was pointed out earlier that no Hall signal could be observed above 272 K, even
though a signal associated with the electrical conductivity was clearly detectable both
in this study as well as in the TOF measurements [30]. Attempts to detect a Hall
signal at 276 K gave a signal at least about five times lower than at 272 K and in the
noise. '

Usually the absence of a Hall signal, or a Hall signal that is small compared
with what one would expect from the mobility, is considered as the signature of the
hopping or tunnelling (thermally activated or not) regime. The reason is that, in
order to observe a Hall signal, there must be a ‘side’ jump, and this implies that the
electron must be shared by three sites rather than two, as is necessary in order to
observe conductivity [14, 15].

In the case of xenon [30] it had previously been reported that an increase of the
applied field above 10 V ¢cm~! was necessary to observe a TOF signal. This behaviour
was termed quasi-localization. It was surmized that such a behaviour implied that
the electron was being temporarily excited from a localized state into the conduction
band. If so, during its residence in the conduction band, the electron would contribute
to the Hali signal.

An example of two cases of ionic conductivity, where the ion mobilities are almost
the same, and where the ‘collision times’ are close to the electron collision time in
xenon near 270 K, is provided by interstitial silver in AgBr and Agl. A study of the
magnetoconductivity was carried out {47] and a Hall signal was only found in the
super jonic conductor Agl. Liou et a/ [47] suggest that the reason is that transport in
Agl should be visualized as a correlated motion of the Ag ion, while in the case of
AgBr the ‘jumps’ of the Ag ions are uncorrelated.

A similar consideration should apply to the electronic case if the tunnelling prob-
ability between two sites is sufficiently small so that the probability that the electron



6070 G Ascarelli

be shared between three non-collinear sites can be neglected.

‘We wish to examine if it is reasonable to expect that hopping takes place between
states localized in density fluctuations created in pure xenon at ~ 275 K.

The probability that a density fluctuation whose value is An x dAn is found
around a density 7 in a volume £ is

P(®,An)dAn = (25—:;-(—0—))1/2 [exp (—%(ﬁ—f‘g%‘%)] dAn  (14)

where S(0) = fixy T, xq being the isothermal compressibility.

The largest possible depth AV, of an attractive square well is when An cor-
responds to the difference between V(%) ( @ = 8.65 x 102 A-3 at 275 K) and
Va(min) (Mmia = 1.164 x 10-2 A3 at 217.4 K). The first bound state (with zero
binding energy) arises when the radius of the well is R? = (#Zh?)/(8m*AV,);
R ~17.7 A when m* = 0.27m,. The binding energy (AV, = 0.1 eV = kg T when
R = 27 A, a density fluctuation whose diameter is much larger than the potential
wells that affect the mobility calculation. The density of such wells is

N = (2%) P(7, An)dAn. (15)

The additional factor 2 arises because the probability of a density fluctuation with a
positive and a negative value of An are the same.

Taking S(0) = 1.086, An = 3 x 1072 A~? and dAn = An/10, N is about
10 cm~3! It is difficult to envisage how such a small concentration of density fluctu-
ations could be significant, particularly when the electron density is many orders of
magnitude larger. .

An extrinsic mechanism, that may eventually favour the formation of density
fluctuations where the electron is trapped, appears as a more likely explanation for
the observations. Intrinsic density fluctuations will become significant within about
1% of T_, rather than the 5% that is being considered here. With a suitable ¢hoice of
x(q) the theoretical calculation by Hsu and Chandler [6] reaches a similar conclusion,

5. Conclusions

The Hall data presented in this paper are consistent with the previous TOF data [30]
as well as with the previous mobility calculation [31]. They support both the estimate
of the electron effective mass ~ 0.27m, in agreement with recent spectroscopic data
[13], as well as the idea that the motion of the electron can be approximated by
a plane wave scattered primarily by phonons and by large, basically static density
fluctuations.

Two new features of the mobility have been found. Near the mobility maximum
where dV,/dn = 0, most of the scattering is elastic and the coherence length of
the electron becomes long in comparison with the elastic mean free path. In these
conditions interference effects become important and are revealed in the magneto-
conductivity. Contrary to what happens in metals, the magnetic field does not wash
out all traces of this interference because the waves that contribute to the interference
pattern can follow only a very limited number of paths and low values of momenta
contribute to transport in a non-degenerate electron gas.
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In the model calculation used to explain the non-linear dependence of the tangent
of the Hall angle on the magnetic field, we considered the interference of an electron
wave associated with scattering centres located in a particular region of space whose
dimension is of the order of L3. If one should have averaged over all the phase
shifts that exist over the whole sample, the interference pattern would be washed
out. This is the same kind of problem as when a light beam incident on a glass
plate gives rise to interference fringes: fringes will be seen when the thickness of the
plate does not change significantly compared with a wavelength of the light over the
volume traversed by the light beam. One may wonder if the same phenomenon is not
connected with the different result that is obtained when one considers an average
over the canonical and the grand canonical ensembie [48].

The Hal! signal could not be observed above 272 K while a TOF signal persisted.
This is an indication of hopping conductivity in which the electron tunnels from
one localized state to another. However, the density of such states that may be
expected in the pure liquid, assuming a square-well potential and the applicability of
the effective-mass approximation, is several orders of magnitude tco small 10 make
such an explanation plausible. Therefore the observation of hopping conductivity
is unlikely to indicate an intrinsic effect at a temperature 5% below the critical
point. It is instead more likely to be associated with impurities that may provide
both the localized states, as well as favor the formation of density fluctuations. The
identification of these impurities is, however, lacking.
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