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Photostimulated field emission: A theoretical attempt to
find rapid oscillations with applied field
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Using a surface-effect model of photoemission that includes coupling through the divergence
of the radiation field, ee have tried to find a theoretical reason for experimentally observed ra-

pid oscillations in the yield as a function of applied static-field. Model calculations reveal no
plausible qualitative explanation.

Photostimulated field emission (PFE) is a process
which combines features of both photoemission'
(PE) and field emissionz (FE). In PFE, as in FE, a
static electric field, typically of order 0.1 &/A, is ap-
plied to a metal deforming the shape of the surface
potential into a tunneling barrier. In addition the
metal is illuminated with a radiation field from which
the electrons can absorb energy as in PE. The simul-
taneous presence of the static and radiation fields al-

lows one to probe states that lie above the Fermi lev-

el yet below the unperturbed vacuum level. States in

this energy range are ordinarily, inaccessible to either
PE or FE alone, so there has been a natural interest
in the development of the hybrid PFE process.

Several groups have reported experimental PFE
studies on a variety of clean and adsorbate covered
surfaces. ' " Although most of the data are amenable
to a't least a qualitative understanding in terms of
simple models of bulk and/or surface electronic
structure, we focus here on a feature that has so far
defied a convincing explanation. It is that the total
PFE current density j has been observed —not al-

ways, but at least several times "—to oscillate rap-

idly as a function of the applied static field I'. Similar
oscillations in both thermionic emission and photoe-
mission were observed and explained previously' for
values of I much smaller than those used in present
PFE. Since the explanation then lay in oscillations of
the electron transmission coefficient, analogous cal-
culations have been tried for the recent PFE
data. However in neither WKB nor exact nu-

merical solutions has one found in the transmission
coefficient the rapid oscillations reported for j in ex-
periments. A common feature of these calculations,
as well as of most recent theories of the excitation
process, is that only the simplest surface-effect
model is used: band-structure effects are neglected,
the possibility of adsorbates ignored, and the radia-
tion field is presumed to be spatially constant. Here
we explicitly improve on the last approximation, but
in the process also gain insight into the first two.
However, we do not succeed in finding a theoretical

or the image rounded barrier (IR) for which

V(z) = ( Vo —eFz —e2/4z) O(z —zo) (2)

In these equations 0 is the unit step function, e is
the magnitude of an electron's charge, and zo in (2)
is chosen so that V is continuous. The parameter Vo

is the depth of the unperturbed well confining the
electrons to the metal (z (0). It is the sum of the
Fermi energy, EF, and the work function. These
three energies along with the plasma frequency, co~,

are the free-electron parameters that we choose to
mimic the properties of tungsten.

It has been previously shown ' that within this
approach the total emitted current density in PFE is

explanation of the reported rapid oscillations.
In the PE literature, the spatial variation of the

vector potential, A, of the radiation field has recently
received renewed interest. All these works begin
with the remark that within the textbook Fresnel
treatment, the normal component of A (taken to be
the z direction) is discontinuous at the metal surface.
They then show how, within various models of sur-
face electronic structure, this discontinuity is spread
out over a distance comparable to a screening length.
The precise spatial dependence of A is difficult to cal-
culate, and we shall take here the extreme limit of re-
taining the step discontinuity. This certainly gives
the correct integrated strength of '7 A and probably
acts to enhance any oscillatory structure in the PFE
yield. There remains only an ambiguity as to where
the discontinuity should be located. We will treat this
position z as a free parameter.

This allowance for a spatial dependence in A, is the
only change we are making from previous model
treatments. We continue to use a Sommerfeld treat-
ment for the electronic structure, The only static po-
tential energy variation an electron sees is at the sur-
face where we use either one of two models (see
Figs. I and 2): The triangular barrier (TB) for which

V(z) =( V, -eFz)O(z),
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given by

djj=& dE (3)

where

cc J dWD( W) ~M~ [ W( W —h'm) j '" (4)
dE

Here E is the total energy of the electron after ab-
sorpt&on of a photon of energy @co and one must have
E —h co (EF (E. The transmission coefficient of the
surface barrier is D and M is the matrix element link-

ing initial and final states. Both states have a plane-
wave variation parallel to the surface, described by
the common wave vector K, and the normal energy
W is defined by E = W +tzE'/2m, with m the elec-
tron mass. A more explicit form of the surface effect
matrix element is

where v and $ are solutions of the one-dimensional
Schrodinger equation in the potentials of (l) or (2) at
the energies Wand 8' —Ace, respectively. In Figs. 1

and 2 we have plotted the real parts of v and $ for
two choices of F which span the region where oscilla-
tions in j have been reported. The differences in the
final states, v, between the two figures are easily un-
derstood. At the energy W used here, the excited
electron in the TB model must tunnel through the
barrier while in the IR model it can pass over the
barrier. A more important feature to notice is the
general weak dependence of all states on F. Further-
more, as one varies F between the two extremes
shown, both v and Q change smoothly.

Previous evaluations of (3)—(5) used a spatially
constant 1,. With our new approximation we
use in (5)

A, =O(z —z) +e tO(z —z)

I dA,
M cc J dzu(z) A,—+— ' P(z)'

dz 2 dz
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where e is the (Drude) dielectric function of the met-
al

E ( QJ ) = 1 cU&/Ql

As we remarked earlier, (6) is a crude representation
of A, but gives us perhaps the best chance to find os-
cillations in j versus F. In this same spirit we have
suppressed all factors in (4) —(6) that do not change
the F dependence. Finally, we shall only present
here calculations of ~M ~z versus F for an initial state
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FIG. 1. The potential V(z) and the real part of the wave
functions clt(z) and v(z) for the triangular barrier at the ap-
plied fields F =0.1 and 0.7 V/A. The broken curve labeled
VI is the potential for F =0.1 V/A, while the solid curve la-

0
beled V7 is the potential for F =0.7 V/A. The wave func-
tions are similarly labeled by the appropriate subscript. The
solid curve in each case is ct whose energy is the Fermi level
E+ =6.3 eV and the broken curve is v whose energy is

EF +h~ =9.8 eV. By definition (Ref. 20), the state v is in-

dependent of F for z «0 and the states v and ct have dif-
ferent normalizations,
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FIG. 2. The same as Fig. 1 but now for the image round-
ed barrier.
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at the Fermi level with K=O, i.e., for W —Aco=E+.
The combined cutoffs imposed by the Pauli principle
and by the transmission coefficient, limit the integrals
in (3) and (4) to essentially such states. Again this
procedure would seem only to accentuate any possi-
ble oscillations.

In Figs. 3 and 4 we plot IM I2 with F. = W
= FF +hem as a function of F at fixed illumina-
tion conditions. The frequency of the radiation field
is considerably smaller than the nominal plasma fre-
quency; tee =3.5 eV versus hen~ =14.9 CV. The po-
tential parameters are the same as in Figs. 1 and 2:
Vp = 10.8 cV and EF = 6.3 cV, and the various curves
are labeled by the value of z. As F varies, z is held
fixed; except for the IR case where for z ) zp, it is
z —zp that is held fixed. This exception, made for
numerical convenience, should not matter since the

0
total change in zp with F is only 0.006 A. It is clear
from the figures that IM I' is a monotonic function of
F for both the TB and IR models and for any reason-
able choice of z. In further calculations we found
that varying the energy of the states in M had no
qualitative effect. %e can find no rapid oscillations
in IM[ .
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FIG, 4. The same as Fig. 3 but now for the image round-

ed barrier.
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FIG. 3. Absolute square of the surface effect matrix ele-
ment IMI2 (in arbitrary units) for the triangular barrier as a

function of the applied field F (in units of V/A) for various
locations z of the discontinuity of the Fresnel field. In each
case the vector potential is characterized by the frequency
h cu = 3.5 eV and

Aced~

=14.9 eV.

Combining these results for the excitation matrix
element with earlier work on the transmission coeffi-
cient, 2 we conclude that surface effect models of
PFE as presently formulated cannot explain rapid os-
cillations of the yield with applied static field. The
experiments" ' show more than 10 oscillations over
a range of F smaller than that considered here, while
our calculations are essentially monotonic in F. The
explanation of the theoretical results is clear from
Figs. 1 and 2: The states involved smoothly and
scarcely change with the large applied fields used
here. In turn this behavior arises from the slight
changes of the surface barrier with F. Only the
transmission function shows a strong dependence on
F, yet it too is monotonic.

This qualitative view of the limitations of the
theory can be used to assess the importance of effects
we have omitted. For instance, if we allo~ for ad-
sorbed particles, then resonances can occur at isolat-
ed energies. ' But to produce agreement with the
PFE data, one would need to presume essentially as
many resonances as there are oscillations. This as-
sumption would be physically unreasonable. Another
possibility would be band-structure effects. While it
is reasonable to suppose that evidence of the onset of
bulk transitions should appear as shoulders or sudden
changes of slope in j versus F data, ' ' we are again
stuck with the dilemma of too much implied band
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structure in order to explain the rapid oscillations.
Further one has the problem of how such sharp (sup-
posed) bulk structure can be so sensitive to surface
conditions.

In summary, we have not been able to find a plau-
sible theoretical explanation of the rapid oscillations
occasionally seen in PFE data. Of course our
theoretical model is rather crude; so our conclusion is

not completely firm. Still the qualitative aspects elu-

cidated here argue strongly that, if the rapid oscilla-
tions are not an experimental artifact, they owe their
origin to a rather subtle cause.

ACKNOWLEDGMENT

Work supported in part by the NSF under Grant
No. DMR 78-10235.

'M. L. Glasser and A. Bagchi, Prog. Surf, Sci. 7, 113
(1975).

J. W. Gadzuk and E. W. Plummer, Rev. Mod. Phys, 45,
487 (1973).

H. Neumann and C. Kleint, Ann. Phys. (Leipzig) 27, 237
(1971).

4J. Wysocki and C. Kleint, Phys. Status Solidi A 20, K57
(1973).

J. Wysocki and C. Kleint, Acta Phys. Pol. A 48, 157 (1975).
T. Radon and C. Kleint, Ann. Phys. (Leipzig) 34, 239

(1977).
7T. Radon and C. Kleint, Surf. Sci. 60, 540 (1976).
C. Kleint and T. Radon, Surf. Sci. 70, 131 (1978).
T. Radon, Surf. Sci ~ 100, 353 (1980).

' T. Radon and C. Kleint, Acta Phys. Pol. A 57, 257 (1980).
"Y.Teisseyre, R. Coelho, and R. Haug, C. R. Acad. Sci.

274, 1202 (1972).
'2Y. Teisseyre, R. Coelho, and R. Haug, Surf. Sci. 52, 120

(1974).
' Y. Teisseyre, R. Haug, and R. Coelho, Surf. Sci. 75, 592

(1978).
' Y. Teisseyre, R. Haug, and R. Coelho, Surf. Sci. 87, 549

(1979).
' R. Liu, G. Ehrlich, and R. S. Polizzotti, J. Vac. Sci. Tech-

nol. 11, 276 (1974).
' M. J. G. Lee, Phys. Rev. Lett. 30, 1193 (1973).
' M. J. G, Lee and R. Reifenberger, Surf. Sci. 70, 114

(1978).
' M. H. Herman and T. T. Tsong, Phys. Lett. 71A, 461

(1979).
' For a review of the initial work, see C: Herring and M. H.

Nichols, Rev. Mod. Phys. 21, 185 (1949). For an exam-
ple of recent work and further references, see J. J. Yang
and T. T. Yang, Phys. Rev. B 1, 4270 (1970),
C. Schwartz and M, W. Cole, Surf. Sci. Lett. 95, L243
(1980).

'C. Schwartz, Ph. D thesis (Pennsylvania State University,
1980) (unpublished).
C. Schwartz and M. W. Cole (unpublished).
A. Bagchi, Phys. Rev. B 10, 542 (1974).

2 E. Taranko, Acta Phys. Pol. A 53, 761 (1978).
J. G. Endriz, Phys. Rev. B 7, 3464 (1974).
P J. Feibleman, Phys. Rev. B 12, 1319 (1975).
K. L. Kliewer, Phys. Rev. B 14, 1412 (1976).
G. Mukhopadhyay and S. Lundqvist, Phys. Scr. 17, 69
(1978).

M. E. Alferieff and C. B. Duke, J. Chem. Phys. 46, 838
(1967).


