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An experimental determination of the yield of photofield emitted electrons from W(110) and
W(111) for a number of dift'erent photon energies betwen 2.41 and 3.54 eV are reported. The mea-
sured yield is compared to a simple theoretical model of the photoexcitation process based on a step
discontinuity at the metal-vacuum interface. A simple model for the spatial variation of the vector
potential A near the metal-vacuum interface is also included. It is found that this model overesti-
mates the yield by a factor of —30 for W(110) and —55 for W(111). This suggests that a self-

consistent treatment of A is required to better understand the data.

I. INTRODUCTION

In photofield emission (PFE), a metal surface is il-
luminated by a laser beam of photon energy less than the
work function N of the emitting surface. A strong electric
field ( —10 V/m) is applied to the surface and permits
electrons from both the photoexcited and ground states to
tunnel through the surface potential barrier. Because
these experiments measure the photocurrent produced by
final states below the vacuum level, this technique is ideal
for investigating basic aspects of photoexcitation over a
range of low photon energies not accessible using other
techniques.

The original motivation for investigating photofield
emission focused on the possibility of obtaining joint den-
sity of states information. ' Subsequent observations
showed such effects are difficult to observe. Recent
work has revealed that the photofield emission current
varies linearly with the incident photon flux, thereby indi-
cating the dominance of a one photon photoexcitation pro-
cess. It has also been found that in PFE, initial-state
effects can play an important role in determining the
shape of the final-state energy distribution. ' '"

The lack of dominant joint density-of-states effects sug-
gests that a surface photoeffect is of considerable impor-
tance. This view is further supported by measurements of
the photofield emitted current as a function of the polar-
ization direction of the incident laser light. ' ' '' A num-
ber of theoretical studies have also been reported which
include the surface photoexcitation mechanism in
photofield emission. ' Caroli et al. emphasized the
nonequilibrium aspect of PFE and discussed the process
in terms of second-order perturbation theory. ' Taran-

ko, ' ' Bagchi is and Schwartz' calculated
photofield energy distributions assuming different surface
potential barriers. A general characteristic of these
theories is the triangular-shaped energy distribution which
agrees reasonably well with experimental observation.

The growing evidence for a surface photoeffect in these
experiments suggests that photofield emission may be a
useful tool to further investigate the spatial variation of an
electromagnetic field near metal surfaces. Kliewer's work
on this subject shows a significant variation of the elec-
tromagnetic field in the surface region for frequencies
below the plasma frequency. Feibelman calculated self-
consistently the variation of the vector potential A near a
free-electron metal surface at higher photon energies.
According to his work, the variation becomes larger when
the photon energy becomes smaller. The experiments re-
ported below are designed to provide more information
about the spatial variation of A at low photon energies.

In this paper we describe measurements of the yield of
photofield emitted electrons from tungsten surfaces over a
range of photon energies in the visible and near ultravio-
let. The experimental results are compared to a model of
PFE which includes a simplified treatment of the spatial
variation of the electromagnetic field near a metal surface.
At present, we are unable to include the complexity dis-
cussed in Refs. 23 —25, and it is hoped that the presenta-
tion of this data will encourage further work in this area.
It should be emphasized that the existing theories of
photofield emission do not contain any adjustable parame-
ters, thus allowing a quantitative check between the exper-
imental photoyield and theoretical expectations.

The remainder of the paper is organized in the follow-
ing way. The experimental considerations are described
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in Sec. II. In Sec. III the theoretical background will be
presented. Section IV contains the results and discus-
sions. In Sec. V, we summarize the main conclusions ob-
tained from this study.

II. EXPERIMENTAL APPARATUS

Most of the experimental apparatus used to measure
the photofield emission energy distribution in this study
have been described previously. The incident laser
beam is focused with a high-resolution mirror mount onto
a tungsten field emitter through a quartz converging lens
of focal length f =350 mm. The field emitter is enclosed
in an UHV chamber (P & 6&& 10 " Torr) to prevent
unwanted gas contamination of the surface. By adjusting
a precision UHV manipulator, the emitter can be accu-
rately aligned over the probe hole of an electron energy
analyzer situated below the emitter. The signal received
by a channeltron electron multiplier at the output of the
analyzer is accumulated by an on-line PDP 1 I -23 com-
puter which also controls a number of other experimental
parameters.

The energy analyzer consists of a retardation analyzer
and a 127' differential analyzer in tandem. The 127'
analyzer has been enclosed in a high-permeability p-metal
shield to screen stray magnetic fields. The resolution of
the analyzer has been estimated to be better than 70
meV.

An argon-ion laser operating in the single line mode is
used to illuminate the field emitter. The photon energies
used in this study are therefore limited to the eight strong-
est emission lines from our laser. To minimize drifts in
the laser output, the laser was operated in the light stabili-
zation mode while taking data. Typically, a power flux

density of about 10 W/m is present at the field-emitter
surface.

The size of the TEM~ incident laser beam was careful-

ly determined at each wavelength by measuring the power
intercepted by a knife edge as a function of the knife-edge
position. From this data, the beam diameter D, assurn-

ing a Gaussian intensity profile, can be determined for the
different wavelengths X. This was used to calculate the
focused spot radius, po of a laser beam passing through a
lens of focal length f:

The field emission tips were prepared by electrochemi-
cal etching in lX sodium hydroxide (NaOH) solution. '

Typical clean field-emission patterns were observed and
used, along with four deflection plates, to direct electrons
emitted from W(110) and W(111) into the probe hole of
the energy analyzer.

The field emitter can be cleaned in situ by passing a
sufficient dc current through the supporting loop of the
emitter. Since the electron emission and hence the photo-
electron yield is sensitive to surface contamination it be-
comes important to clean the field emitter reproducibly.
In these experiments, this was attempted by using a timed
flashing circuit that delivered a fixed current to the sup-
porting loop for a preset period of time. In this way, the

adsorbed gases from the tip could be removed in a repro-
ducible fashion. In addition, all data were obtained from
a well-annealed field emitter that had reached its equilibri-
um end form. Thus, even though the field emitter is
momentarily raised to a high temperature between
different data runs, the shape of the emitter did not
change appreciably. Typical time for taking an energy
distribution was about 10 min, a time sufficiently short to
ensure that the surface contamination was below 0.05
monolayer by the end of a data run.

III. THEORETICAL CONSIDERATIONS

The matrix element Mf; that describes the photoexcita-
tion of an electron from an initial state

~

i ) to a final state

~ f ) is given by

Mf;=(f A.pqp A~i),
where A is the vector potential of the radiation field of
angular frequency co in the gauge of zero scalar potential.
Equation (1) can be rewritten as

Mf, —— A'(f A VV ~i)+i (f V A p i)
2m

——(f/V(A p).p/i) — (f V A[i)A co

m 2

(2)

where the commutator A p with the Hamiltonian
H =p /2m + V, given by

[A p, H]= ifiA VV+ —V A p+i V( A.p—) p2m m

has been used.
In order to compare the predictions of these matrix ele-

ments to experiment, we analyze them in a simplified
way. Specific approximations include treating the emit-
ting surface as a flat plane of large extent, even though the
photoexcitation occurs from a facet, —50 A in extent, on

0

a field emission tip of —1000-A radius. In what follows,
the direction of the polarization vector is designated by e.
We assume a metal surface defined by an x -y plane and
choose the plane of incidence to be the y-z plane. Thus
the angle of incidence of the electromagnetic radiation is
defined with respect to the positive z axis. It is also as-
sumed that the surface potential V, varies only along the
surface normal z.

Using these approximations, the first matrix element in
Eq. (2) is often conveniently written as

(f
~

A. VV ~i)=(f
~

A. VV& ~i)+(f
~

A. VV& i)
(3)

where V Vz and V Vz are the gradients of the bulk and
surface potential participating in the photoexcitation of an
electron. In the photofield emission process, the dom-
inant contribution to the photocurrent comes from the
surface photoeffect. Thus, the V Vz is not relevant to the
measurements reported in this paper.

Under these conditions and writing A= ApE Eq. (3)
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becomes

dV,)f) A V);)i) z=z f Az
'

i) .
dz

(4)

where e(co) is the dielectric constant of the metal and
A, (0 ) =& z A 0(0 ) has been used. With these approxi-
mations, the matrix element in the fourth term in Eq. (2)
can be written as

In photofield emission, the surface barrier V, is deformed
by the image potential —e /4z and the applied electric
field. However, the former varies rapidly only within -2
0
A from the surface. The latter is screened by surface
charge located at the nominal metal surface. For the mo-
ment we neglect these two contributions to V, and follow
the simple approach suggested in Ref. 18, assuming a
sharp interface such that V, (z)= VOB(z). Because of the
rapid variation in both the image charge and electric field
contribution to V, at z =0, this approximation is not un-
reasonable.

This allows Eq. (4) to be further simplified to

(f
l

A VV,
l
i) =~ »o(0 )Vo(f(z =0)

l

i(z =0)),
(5)

where Ao(0 ) is the magnitude of the vector potential
just inside the metal surface. The e-z polarization depen-
dence exhibited in Eq. (4) may be altered by a real metal
surface since the surface periodicity parallel to the surface
will introduce extra terms in the evaluation of Eq. (4).
These additional terms will depend on the x and y com-
ponents of A. If one can single these terms out, then a
polarization-dependent study may provide a probe of the
surface periodicity parallel to the metal surface.

The fourth matrix element in Eq. (2) is due to the spa-
tial variation of the vector potential A in the vicinity of
the metal surface and involves the evaluation of V A near
a metal surface. This term is important when the photon
energy is less than the plasmon energy, and becomes
larger, as the photon energy decreases. Because the
components of A parallel to the interface are expected to
be continuous, it is assumed that V. A can be approximat-
ed at the metal-vacuum interface by

aw,
V- A=

az

In the limit of a sharp interface and neglecting finite
wavelength and nonlocal corrections, the variation in 3,
is determined by a discontinuity at z =0, and Eq. (6) be-
comes

V. A=E.zAO(0 )[e(e)—1]5(z),

(f l
V A l i ) =e zAo(0 )[e(co)—1](f(z =0)

l

& (z =0)) .

= —iA'(e. z) Ao(0 )[e(co)—1] f 5(z)
a a
az az

The matrix element of the third term in Eq. (2) involves
an evaluation of the operator V( A.p) p. Since the x and

y components of A are continuous across the surface, and
the variation of 2, in the x and y directions is negligible
(the fiat-surface approximation), this matrix element be-
comes

(f
I
v«p) pli&

2

=1 —)R) Az)0 )[E(ra)—1] zzf 5(z) i)az2

(10)

Each of these matrix elements can be further evaluated
by assuming free electron initial- and final-state wave
functions. Following Bagchi, ' we use

where A' (k//2m)= W+fico, and

l

i ) =&2 sin(k;z +6), (12)

with fi (k, /2m)= W. Combining Eq. (2) with Eqs. (5)
and (8)—(12), Mi; is now given by

Mp = e zAO(0 )I (13)

where

Using the same model for evaluating V A, the matrix
element of the second term of Eq. (2) can also be rewrit-
ten as

(f lv A pli)

1/228'
Vp

[( W+ %co)( Vo —W)]'~'
1 —[e(co)—1] + +i

2 Vp Vp Vp
(14)

By defining I in this way, the contribution from the sur-
face potential barrier [Eq. (4)] and from the spatial varia-
tion of A [last three terms in Eq. (14)] are clearly set out.

The eftect of A operating on the photon part of the
initial-state wave function must also be included. Since
photoemission involves a photon-annihilation process, the
appropriate numerical factors can be obtained through
second quantization:

(n —1
l
Aln)=

1/2

Q7

where n is the number of photons, 0 the normalization
volume of the radiation field, and c the speed of light.

The matrix element M~; can be used in a theory that
predicts the energy distribution of photofield emitted elec-
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trons. The current density per unit energy is given by'

3 —(e.z) f(E —~)
dE 2&4~3

D(W) 1IX —vn+"" [W( W —iricv)]'~
(16)

Other quantities in Eq. (16) have their usual definitions.
f (E —fico) is the Fermi-Dirac distribution function shifted
upward by the energy of the incident photons. D ( W) is
the transmission probability which describes the
quantum-mechanical transmission probability that pho-
toexcited electrons with energy E =(irik) /2m + W will
traverse the surface potential barrier deformed by the ap-
plied electrostatic field and the static image potential bar-
ree.

The photon density inside the metal contributing to the
photoexcitation process can be approximated by

n 2 A, (0 )(e.z)'=
0

P 1

7TPoc
(17)

where P is the incident laser power, po is the radius of the
focused laser beam defined in Sec. II, and the ratio of
A, (0 ) to Ao describes the fraction of photons penetrat-
ing the surface and producing the photofield current. The
evaluation of Eq. (17) requires a model for the vector po-
tential in the vicinity of the metal surface. In this paper,
we use the Fresnel model to estimate A, (0 ):

A, (0 )

Ap

sin(20; )

[e(cv) —sin (0;)]' +e(cv) cos(0;)
(18)

where 0, is the incident angle and e(cv) is the dielectric
constant.

The yield can be calculated by integrating dj/dE of Eq.
(16) and then dividing the result by n/II. In order to
compare this quantity to experimental data, it is useful to
first normalize it by the field-emission current calculated
using a free-electron model:

r

cm, the measured values of Y„will be larger by a factor of
order 10 for our experimental conditions. This factor,
which was evaluated from our measurements of P, ~, and
po, was divided out of our measurements before compar-
ing experimental data to Eq. (21).

Dividing the photofield emission current by the field
emission current removes difficulties involved in determin-
ing the exact area from which the electrons are emitted,
since the measured photofield and field emission currents
involve the same area and the division cancels this un-
known factor. In addition, the sensitivity of the final re-
sults to the work function N and the electric field strength
F are greatly reduced because uncertainties in these two
quantities aftect both the field emission and photofield
emission energy distributions and hence tend to cancel
when the ratio defined in Eq. (21) is formed. In addition,
the above method reduces the effects of initial state struc-
ture since this structure influences both the numerator
and denominator in Eq. (21). In principle, the above
definition for Y, contains no adjustable parameters, since
all parameters can be determined from experiment.

IV. RESULTS AND DISCUSSIONS

Figure 1 shows a typical electron-energy distribution
from W(110), obtained when fico is 2.71 eV and the field is
3. 1&(10 V/m. The field is determined using the well-
known Fowler-Nordheim plot. The light is p polarized
and the incident angle is 70 from the surface normal.
Two distributions can be seen from the figure. The distri-
bution near EF is due to field-emitted electrons [Eq. (19)].
The distribution at higher energies, located near E~+Acu,
is due to photoexcited electrons [Eq. (16)]. Both curves
were obtained during a single data acquisition run so that
identical electric field and work functions are influencing
each distribution. These energy distributions can be com-
pared to the expected relative yield Y„by numerically cal-
culating the area under these two curves and forming the
appropriate ratio.

Photofield energy distributions from W(110) with pho-

where

dj
dE

JO f (Z ZFIyd-
d

4irmed, (2m'& )'~
e ', c= vy

3

40

30—

CO
LLI
w 20—

~ ~

i I

W (110)
F= 3.1X 10 V/m
tee = 2.71 eV 0 ~

~ ~

—2 4

a
LJJ—

I 6 w

(20)
3F)1/2AeF

2(2m@)'~ t(y)

and t (y) and v (y) are well-known elliptic functions.
The relative yield Y„ is then defined as

f (dj /dE)dE
Y„= (21)

J (dj /dE)t, dE

In order to facilitate future calculations of Y„ to our ex-
perimental data, the data were normalized to a free-space
photon density (n /A)„=10 /4. 8' cm . This is the
number of 1-eV photons in a 1-W laser beam with a uni-
form radius pp=1 cm. Since a typical focal spot size in
our experiments is characterized by po of about 40&& 10

IO—

0
—I.O -0.5 0.0 05 2.0

~ ~

2.5

~ ~

3.0

08

—0.0
35

E — E& (eV)

FIG. 1. Experimental field emission (FEED) and photofield
(PFEED) energy distributions from W(110) for Ace=2. 71 eV and
for an applied electric field strength of F =3.1&(10' V/m. The
field emission signal was used to determine the strength of the
applied field as well as the temperature rise of the laser-
illuminated tip. In addition, the field emission signal provided a
convenient normalization of the photofield signal to reduce the
large eAects of small changes in the work function and applied
electric field strength.
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ton energies from 2.41 to 3.54 eV are shown in Fig. 2 for
a fixed electric field of 3. 1&10 V/m. The incident angle
and polarization of the light are the same as that in Fig. 1.
Between the accumulation of each energy distribution, the
tip was cleaned and the focal spot was carefully optimized
to provide the maximum photocurrent. This involved a
careful repositioning of the quartz focusing lens in order
to correct for its wavelength-dependent index of refrac-
tion. As the photon energy increases, the width of the
distribution also increases since the transmission probabil-
ity near the vacuum level is slowly approaching unity.

The relative yields obtained by integrating the
photofield energy distributions in Fig. 2 are shown in Fig.
3 as solid squares. The focal spot size and laser beam
power were incorporated in scaling the yields from

FIG. 2. Photofield energy distributions from W(110) as a
function of photon energy in an electric field F =3.1 & 10' V/m.
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FIG. 3. Relative photofield yield Y„ from W(110) as a func-
tion of photon energy. The circles and squares represent data
taken on two diff'erent days. The solid line is the expected pho-
toyield including the spatial variation of the A. The dashed line

neglects this contribution to the photofield current. The experi-
mental data have been normalized in order to compare to the
normalized photon density discussed in the text. The inset
shows the geometry of the incident laser beam. The incident
light, characterized by k, is confined to the plane of incidence as
shown. The wave vector k makes a 70' angle of incidence to the
[110]surface normal directed along n.

IO

2.40 2.70 3.00 3.30
Photon Energy (eV )

3.60

FIG. 4. An illustration of the e8'ect of a small change in elec-
tric field strength (a) and work function (b) on the calculated
photofield yield for W(110). The calculations shown include the
spatial variation of A.
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W ( III )

F =2.4

l
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No Spatial Variation

l
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I

-7

2.0
I

3.0
I

2.5
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l

3.5

FIG. 5. Relative photofield yield Y, from W(111) as a func-
tion of photon energy. The circles and squares represent data
taken on two different days. The solid line is the expected pho-
toyield including the spatial variations of A. The dashed line

neglects this contribution to the photofield current. The experi-
mental data have been normalized in order to compare to the
normalized photon density discussed in the text. The inset
shows the geometry of the incident laser beam. The incident
light, characterized by k, is confined to the plane of incidence as
shown. The wave vector k makes a 35' angle of incidence to the
[111]surface normal directed along n.

different wavelengths to the standard photon density dis-
cussed in Sec. III. An independent set of data taken at
another time is also shown in Fig. 3 as open circles. The
difference between the two data sets are due to a number
of reasons, one of which is the difhculty in optimizing the
focal spot of the laser on the field emitter. In addition, a
slight change in the surface condition induced by the tip
cleaning procedure cannot be ruled out. Since the field
emitter was always flashed above 2000 C before taking an
energy distribution to remove any surface adsorbates,
small surface rearrangements which influence the micro-
scopic work function and electric field strength must inev-

itably take place. Nonetheless, the data seem sufficiently
well characterized to allow a comparison to theoretical ex-
pectations.

The two curves shown in Fig. 3 are theoretical results
calculated using Eq. (21). The geometry of the incident
light is shown in the inset of Fig. 3. The solid curve in-
cludes the terms due to the spatial variation of A while
the dashed one does not. The surface barrier height Vp is
measured from the conduction-band bottom to the vacu-
um level, which is taken to be 10.8 eV. ' The work func-
tion of the surface 4=5.2 eV is taken from the litera-
ture. The temperature rise of the field emitter (about
100 C) under laser illumination was determined from the
leading edge of the measured field emission distributions
as described in another publication. Experimental
dielectric constants tabulated in Ref. 40 were used in
evaluating A, from Eq. (18).

The yield is sensitive to the electrostatic field and work
function, and these two parameters are known only to
limited accuracies. We plot the theoretical curves assum-
ing reasonable uncertainties in these two parameters in
Fig. 4. It can be seen that neither the uncertainty in the
electric field [Fig. 4(a)], nor the work function [Fig. 4(b)],
have important effects.

The relative photoyield from W(ill) is plotted in Fig.
5. The incident light is p polarized and the geometry is
shown in the inset of Fig. 5. Theoretical curves based on
the model discussed in Sec. III are also illustrated in the
figure. The parameters in the calculations were identical
to those used for W(110) except that rI~ for W(111) was
taken to be 4.4 eV.

V. CONCLUSIONS

In this paper, measurements of photofield emission
yields from W(110) and W(111) as a function of photon
energy from 2.41 to 3.54 eV are reported. The data are
compared to a simplified model of the photofield emission
process which includes the surface photoelectric effect.
The theoretical calculations bracket the experimental data.
The yield calculated on the basis of Eq. (13) overestimates
the data by a factor of —30 for W(110) and —55 from
W(111). Calculations neglecting the spatial variation of
A underestimate the data by a factor of -20 for W(110)
and —13 for W(111). It is not yet clear whether more
complete theories of the V. A term will remove this
discrepancy.
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