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Abstract

Previous experimental studies of the quasi-free electron energy Vj(p) in dense flu-
ids either directly measured Vj(p), using photoemission from an electrode immersed
in the fluid, or extracted Vj(p) from field ionization of a dopant dissolved in the
fluid. In this letter, we present a new method to determine directly Vj(p), namely
field enhanced photoemission. We show that this new method yields data compa-
rable to those obtained from dopant field ionization, thereby making this method
superior to direct photoemission studies. Moreover, unlike dopant field ionization,
field enhanced photoemission is not limited by the solubility of a dopant in the fluid

of interest.
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1 Introduction

The creation of low kinetic energy electrons constitutes a dominant energy
loss mechanism for high energy photons and particles. The interaction of low
energy electrons with dense gases and fluids is, therefore, a crucial problem
in radiation chemistry. The study of the quasi-free electron energy V4(p) in
dense atomic and molecular fluids has yielded valuable insight into the mobil-
ity of electrons in these fluids [1-3], although the relationship between V;(p)
and electron mobility in dense fluids is still not well understood. We recently
showed that Vj(p) exhibits a dramatic increase near the critical density near
the critical isotherm in attractive and repulsive atomic fluids [4-9], as well as
in attractive molecular fluids [10]. (Attractive and repulsive fluids are defined,
respectively, as those with negative and positive zero kinetic energy electron
scattering lengths.) Vo(p) has been measured directly using photoemission
from a metal electrode immersed in the fluid [1,2,12-19] or extracted from
dopant field ionization spectra [4-9,11,12,20]. However, accurately determin-

ing Vo(p) in a wide range of fluids is fraught with difficulty.

In a direct measurement Vy(p) is the difference between the work function

¢(p) in a fluid of density p and that in a vacuum (i.e., ¢(0) = ¢y), or
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In previous studies [1,2,12-19] the work function was determined using the
photoelectric effect on an electrode immersed in the fluid. The current ¢ from

a photoemitting electrode in a vacuum is given by [14,21]
ioc AK*T? F(x) (2)

where A is an unknown temperature and frequency independent constant that
depends on the potential step zy at the electrode boundary as well as on the
fraction of electrons that can absorb a photon and escape; T' is the temperature
of the system; and x = [hv — ¢(p)|/kT, with hv being the photon energy and

k being Boltzmann’s constant. F'(x) in eq. (2) is Fowler’s function, or

1, 1 1,1
§x2+67r2—e +?62—?63---, (3)

when = > 0. To make eq. (2) more applicable to experimental data, it is

usually rewritten as [1,14,21]

In (k;TQ) =nA+In

f)+ 50°] (4)

where f(z) = 7?/6 —e™ ... ~ 0 when sufficiently close to threshold. However,
while not readily apparent from eq. (4), the parameters A, f(x) and ¢(p)
are strongly coupled. Thus, the work function ¢(p) is very sensitive to the
initial guess for all three unknown parameters in a nonlinear least squares
analysis of the photoemission data to eq. (4). Moreover, the assumption that
the potential step xg at the electrode boundary remains constant when the
electrode is immersed in the dense fluid is not valid, since the fluid will form
a surface layer on the electrode as well as impede electrons moving to the
detector through multiple scattering events. The sensitivity to initial guesses
during analysis of the data, as well as the invalid assumptions, yield data sets

with very high scatter (cf. Fig. la, for example), making any investigation of



small effects on Vj(p) (such as a critical point effect) impossible.

On the other hand, the indirect determination of Vy(p) utilizes a dopant
molecule dissolved into the perturbing fluid. High-n dopant Rydberg states
converging to the first ionization energy are excited using vacuum ultravio-
let radiation, and are field ionized with a DC field. The perturber influenced
dopant ionization energy I(p) is determined by taking the difference between
two photoionization spectra measured with different applied electric fields (af-
ter intensity normalizing the spectra to remove the effects of secondary ion-
ization). This difference yields a peak which represents dopant Rydberg states
ionized by the high field but not the low field. Plotting the energy position
of this field ionization peak as a function of the sum of the square roots of
each field and then extrapolating to zero field gives the ionization energy of
the dopant in the presence of the perturber, but in the absence of an electric

field. Once I(p) is determined, Vj(p) is extracted via [8,10-12,20]

Volp) = 1(p) — I, — P(p) (5)

where I, is the ionization energy of the neat gaseous dopant and P.(p) is
the ensemble averaged dopant cationic core/perturber polarization energy.
While I, can be experimentally measured, P, (p) must be theoretically deter-
mined. Calculating P, (p) within a standard statistical mechanical model with
appropriate choices for the dopant/perturber intermolecular potential yields
quasi-free electron energies Vj(p) that are comparable to those directly evalu-
ated, but with significantly less scatter (cf. Fig. 1b, for example). This lower
scatter allowed for the observation of a striking critical point effect in various
atomic [4-9] and molecular fluids [10] which, in turn, led to the development of

the new, more accurate local Wigner-Seitz model [10, 11] for V;(p). However,



this technique is limited by the requirement that the dopant be soluble in the
fluid of interest, and by the fact that the dopant must ionize in an energy
region where the fluid is transparent. Thus, an investigation of critical point
effects on Vj(p) in repulsive fluids (which have very low critical temperatures)

or in most molecular fluids cannot be achieved using dopant field ionization.

In this paper we present a new technique for directly measuring the quasi-free
electron energy, namely field enhanced photoemission. In this technique, we
extract the work function ¢(p) by using the difference between two photoe-
mission spectra taken at different electric field strengths. The field enhanced
photoemission (FEP) signal is the photon energy plotted as a function of this
difference. We show that, when the FEP signal is appropriately corrected for
the applied electric fields, it possesses a linear region above the photoemission
threshold. This linear region is then fitted using a linear least squares analysis
to give an energy intercept that is related to the work function ¢(p). We then
use ¢(p) to determine Vy(p) through eq. (1) and illustrate that one obtains
comparable results to those from dopant field ionization. For this study, Ar
was chosen as the perturber because of the substantial body of Vj(p) data (cf.

Fig. 1) obtained from photoemission as well as dopant field ionization.

2 Experimental

Photoemission spectra from a Pt electrode were measured with monochro-
matic vacuum ultraviolet synchrotron radiation [20] using the stainless steel
Seya-Namioka beamline equipped with a high energy (5 - 35 eV) grating at the
University of Wisconsin Synchrotron Radiation Center. The radiation, having

a resolution of ~ 10 meV in the spectral region of interest, enters a copper



sample cell (cf. Fig. 2) capable of withstanding 100 bar. The cell is fitted with
a MgF's or LiF window that possesses a 10 nm thick strip of sputter deposited
Pt along the diameter to act as the photoemitting electrode. (A thicker deposit
of Pt or silver epoxy is used at the end of the strip to ensure good electrical
contact.) A stainless steel electrode is attached to the window perpendicular
to the platinum strip. The electrode spacing is 0.1 cm. The electric field was
applied using a positive voltage on the stainless steel electrode, while the sig-
nal was measured from the Pt electrode using a Keithley 486 picoammeter.
The cell was attached to an open cycle liquid nitrogen cryostat and resistive

heater that can maintain the cell temperature to 0.5 K.

Argon (Matheson Gas Products, 99.9999%) was used without further purifica-
tion. Prior to the introduction of Ar, the gas handling system was baked to a
base pressure of low 10~® Torr. The flux from the Seya beamline was measured
using a GaAsP diode placed in front of the sample cell and was monitored
during individual photoemission spectrum using a Ni mesh intersecting the
beam before the sample cell. All photoemission spectra were normalized to
monochromator flux using the GaAsP diode, however, since the Ni mesh also
has its photoemission threshold in the energy region of interest. To minimize
error induced by perturber/electrode interactions, a series of photoemission
spectra were measured with minimal Ar pressure at various voltages for each
temperature. Since it requires ~ 1.4 x 10'* Ar atoms to coat the surface of the
Pt electrode (under the assumption of a Lennard Jones fluid), these low den-
sity spectra were measured with densities greater than 1x 10! atoms/cm? and

were used to establish the “zero” density work function ¢, for each isotherm.



3 Field enhanced photoemission: Theory

In the presence of an electric field, Fowler’s equations (i.e., egs. (2) and (4))
for photoemission from a clean electrode in a vacuum change by replacing
z = [ — ¢(p)]/kT with z = [hv — ¢(p) + Ve E|/kT [22,23], where e is
the electron charge, and E is the electric field. Thus, eq. (2) can be rewritten

as [22]

ioc AKXT?

)

1 hV—¢0—|—\/€3_E 2
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which simplifies to

i< AK*T?

1, 1[(hv—o(p)+VSE\
6*+2< KT )

when (hv — ¢(p) + Ve3E)/kT > 0.

When the electrode is immersed in a fluid, A — B(T),p), the perturber in-
teracts with the electrode, which changes the potential step, and the pho-
toemitted electron undergoes multiple scattering events with the perturber,
which changes the fraction of electrons that reach the detector. Similarly, the
electric field polarizes the fluid, which requires that changes in the dielectric
constant as a function of density and temperature also be considered. Under

these conditions eq. (6) becomes

2

i < B(T, p) k*T* 6”2 T 2T (hy ot <47T§(TP)>) "

where (T, p) is the temperature and density dependent dielectric constant.

The difference Ai in photoemission from the perturbed electrode under the



influence of two different electric fields is, therefore,

L {(hu—¢<p> +y/ha) - (hu—¢<p> n A)}
o [ — ¢(p)] (VAu — /As) + AH—AL)

under the assumption that B(T,p) is field independent, and where A; =

(8)

e3E;/(4me(T, p)) with i = L, H for the low and high electric field, respectively.

Considerable rearrangement of eq. (8) gives
hv < b Aig+a, 9)

where the slope is b = 1/B(T, p),

A — Ai
I = —F———————
P Ay — VAL

and the intercept a(p) is

a(p) = ¢(p) — ; (VAw + /ML) . (10)

Thus, the FEP signal, which is a plot of photon energy as a function of Aig,
should possess a linear region with an intercept that yields the work function

¢(p) in the zero field limit.

4 Results and Discussion

Fig. 3 presents representative photoemission spectra of Pt in Ar measured
at 158 K at various electric field strengths. Both at low density (i.e., Fig.
3a, for example) and at high density (i.e., Fig. 3b, for example), a distinct
enhancement of the photocurrent as a function of electric field is observed.
(We should note here that the significant decrease in photocurrent between

the low density and high density spectrum is probably caused by multiple



scattering effects changing B(T, p).) Similar series of photoemission spectra
were obtained for various perturber number densities and at various noncritical
temperatures, as well as on an isotherm near the critical isotherm. Electric
fields were chosen to maximize the field effect while not creating dielectric
breakdown in the cell. Because ¢(p) is temperature dependent, a set of four
low density field dependent photoemission spectra were measured for each
each isotherm, thus providing a “zero” density signal that corrects for these
temperature differences. Only a selection of these data sets are shown for

brevity.

In order to obtain a field enhanced photoemission signal, however, one must
first determine the change in the dielectric constant as a function of tempera-
ture and density. Schmidt and Moldover [24] showed that, in the temperature
range of 273—323K and at pressures of up to 70 bar, the dielectric permittivity
of Ar is temperature independent and can be modeled using

e—1

=cop t+ ¢ 2,
PR 0p 1P

where ¢y = 4.14203 £ 0.00019 cm?®/mol and ¢; = 1.16 £ 0.06 cm®/mol?. As-
suming that the temperature independence is valid out to the density of the
triple point liquid implies that the dielectric constant varies from 0.9997 at
the lowest density of 0.041 x 10?! em™ to 0.8208 at the density of 22.0 x 10!
cm ™3, which is near the triple point. Since this change represents a variation
of approximately 20% over the entire fluid density range of Ar, neglecting the
density dependence of the dielectric constant will yield significant scatter in

¢(p) and, subsequently V;(p), as observed in Fig. la.

Fig. 4 presents the photon energy as a function of Aig for the six possible pair-

wise differences that can be taken between the spectra shown in Fig. 3, in an



expanded view to highlight the linear portion of the FEP signal. Again, similar
FEP spectra exist for a series of data points taken across the density range at
noncritical temperatures and on an isotherm near the critical isotherm. Fitting
these data with a linear least squares analysis to eq. (9) yields an intercept
that is shown in Fig. 5, plotted as a function of v/Ax ++/A} for the low density
(e) and the high density (V) FEP signals given in Fig. 4a and 4b, respectively.
Two additional sets of FEP intercepts are also shown in Fig. 5, namely that
for p = 4.1 x 10*! cm™ and for p = 7.1 x 10*! cm™3, also measured at 158
K. Clearly, the intercepts are linearly dependent on v/Ag + /A, and all four
data sets yield similar slopes. Extrapolating these data sets back to zero field
leads to the determination of the work function ¢(p) for each density. Setting

#(0.041 x 10*'em™3) = ¢y allows us to determine Vj(p) using eq. (1).

Repeating this process for a variety of densities from medium density to
the density of the triple point liquid, at noncritical temperatures and on an
isotherm near the critical isotherm, allows one to determine the density and
temperature dependence of Vj(p). These results are shown in Fig. 6 as a func-
tion of Ar number density p and in comparison to a local Wigner-Seitz calcu-
lation optimized to the high precision dopant field ionization data of Fig. 1b.
In Fig. 6, each different solid marker represents a different noncritical tem-
perature, while the open markers represent a temperature near the critical
temperature of 151 K. At each of these temperatures, a new ¢y was defined by
measuring field effects on photoemission with a very low density of Ar present,
and with V;(p) being determined using eq. (1) with this new ¢g. Because the
temperature dependence of the work function is built into the technique and
because the differences between spectra cancel out the imperfections in the

sputter coated Pt electrode, the measured Vy(p) has a scatter that is com-

10



parable to that obtained using dopant field ionization measurements. Since
measuring accurate, high precision Vy(p) can now be accomplished without a
dopant, one can begin to investigate the quasi-free electron energy in repulsive
atomic and molecular systems (all of which are poor solvents), as well as in
highly absorbing molecular fluids. We are currently using this new technique
to measure the quasi-free electron energy in He from low density to the triple
point density of the liquid, at noncritical temperatures and on an isotherm

near the critical isotherm.
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Fig. 1. [Color online] The quasi-free electron energy Vy(p) in argon plotted as a
function of Ar number density p. (a) Vp(p) obtained from various photoinjection
studies [1,12,13] at noncritical temperatures. (b) Vp(p) obtained from dopant field
ionization using eq. (5) [4, 5, 11], with the solid markers representing noncritical
temperatures and the open markers representing critical temperatures. The lines
are a local Wigner-Seitz calculation [4,5,11] optimized to the data in (b).
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Light in ——» [ e e
e |

Attach to gas
handling system

Fig. 2. A schematic of the sample cell used to measure the photoemission spectra
necessary for this study.
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Fig. 3. [Color online] Photocurrent plotted as a function of photon energy for argon
number densities of (a) 0.041 x 102! cm™3 and (b) 11.0x 102! cm ™3 at a temperature
of 158 K. In (a) the applied fields are (—) 2500 V/cm, (---) 5000 V/cm, (— —)
7500 V/cm and (— - —) 10,000 V/cm. In (b) the fields are (—) 20 kV /cm, (---) 25
kV/cm, (— —) 30 kV/cm and (— - —) 35 kV/cm.
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Fig. 4. [Color online] Photon energy plotted as a function of Aig(p) for argon num-
ber densities of (a) 0.041 x 10?* cm™ and (b) 11.0 x 10?! cm™3 at a temperature
of 158 K. The lines represent the differences in the spectra presented in Fig. 3 with
the lowest set of fields given by (—) and the highest by (- -). Before taking the
differences, each photocurrent spectrum was smoothed using a Gaussian smooth-
ing algorithm [25] as implemented in Wavemetrics IgorPro to reduce noise in the
differences. See text for discussion.
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Fig. 5. [Color online] The intercept a(p) of representative field enhanced photoe-
mission plots (cf. Fig. 4, for example), measured at 158 K, plotted as a function of
(vV/Ag + +/AL). The number densities p are (o) 0.041 x 10*! cm™3, (W) 4.1 x 10%!
ecm ™3, (A) 7.1 x 102! em ™2 and (V) 11.0 x 10?! cm~3. Each line represents a linear
least squares analysis to the data having a slope of —3.04 at this temperature and
an intercept of ¢(p). See text for discussion.
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Fig. 6. [Color online] The quasi-free electron energy Vp(p) determined from field
enhanced photoemission plotted as a function of Ar number density p. The solid
markers represent various noncritical isotherms, while the open markers represent an
isotherm near the critical isotherm of 151 K. The solid lines are a local Wigner-Seitz
calculation [4,5,11] optimized to the data in Fig. 1b. See text for discussion.
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