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D. Penn, l' R. Gomer, and M. H. Cohen
The James I'ranck Institute, The University of Chicago, Chicago, Illinois 60637

(Received 7 May 1971)

A calculation of thy total-energy distribution of field-emitted electrons in the presence
of chemisorbed atoms shows that [j (~d)-jo(~)] /jo() = ImG~ () exp[(-2m~/S ) x~],
where j(u) and jo(u) are the current densities in energy in the presence and absence of
absorbate, respectively; (d is measured from the vacuum level; x, is the surface-absor-
bate distance; and ~ ImG~ is the local density of states at the absorbate. This result
is general and independent of the explicit form of 6

Measurement of the total-energy distribution
(TED) of field-emitted electrons from adsorbate-
covered surfaces can show the location and
shapes of the virtual adsorbate levels and thus
constitutes a powerful tool for the study of the
chemisorption. Theoretical treatments have
been given by Duke and Alferieff' (DA) and by
Gadzuk, ~ who considered tunneling of metal elec-
trons through an adsorbate, schematized by a
potential. DA considered only one-dimensional
cases; their parametrization is difficult to re-
late to specific systems, nor does it take corre-
lation effects into account. Gadzuk specifically
attempted to obtain information on virtual ad-
sorbate levels. However, it is hard to see the
justification for the initial-state function used
in his Eq. (8) and central to his subsequent de-
velopment. He uses the external field itself to
mix adsorbate and metal states before tunneling
occurs, and ignores the fact that the adsorbate
is chemisorbed in most cases of interest and
has therefore interacted strongly with the sub-
trate prior to tunneling. It is more natural to
treat the applied field as a perturbation on the
system of metal plus adsorbate,

We wish to calculate the number of electrons
per unit energy tunneling from the metal-adsor-
bate complex to the vacuum in the presence of
an external electric field. The appropriate po-
tentials are shown in Fig. 1. We use the trans-
fer-Hamiltonian method' first introduced by Op-
penheimer. 4 The Hamiltonian is II= H""'+ Vf,
where H ' is the many-electron Hamiltonian for
the metal-adsorbate complex and V& is defined

'
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FIG. 1. Schematic diagram of the potentials due to
the metal plus adsorbate and to the external electric
field. p denotes the work function and x, is the metal-
adsorbate separation.

by

V~
=

V~ 8(x) = -eFx 8(x),

with 8(x) = l for x &0 and 8(x) =0 for x &0. We
define the "left-system" Hamiltonian H~ by

H =B '+&E, n, ,

where 4~, = -eI'x, is the energy change of the
adsorbate caused by Vf and x, is the position of
the adsorbate. The "right-system" Hamiltonian
H„consists of the kinetic energy plus the elec-
tric field extended over all space. At the ener-
gies of interest, eigenfunctions of B~ are largely
confined to x &0 and those of H~ to x &0. Tunnel-
ing is treated as transitions induced by Vz from
"left-system" eigenstates to "right-system"
eigenstates. We make use of the method of Ap-
pelbaum and Brinkman' to write the tunneling
current per unit energy at energy h&u as

(3b)

where f (u&) is the Fermi function, the states li) form a complete set of one-electron wave functions
for the "left system", If) denote Airy functions which diagonalize H~, and G is the Green's function
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for the "left system. " Here and later it is assumed that 0-O'. P, is a projection operator for the

adsorbate states, la) (a I.
We assume that the metal-adsorbate complex is described by the many-body Anderson Hamiltonian

(4)

Equation (4) assumes a single adsorbate level with wave function p, and energy e, . p, may be a com-
bination of adsorbate states, i.e. , a "hybrid orbital. "

H~ is given by (2) after substitution of (4). Thus it is identical to H ' of (4) but with e, replaced by
+BE = E' -eFx

By choosing the set of states {I i)f ={Im), la)], we find from (3) that j(&u) is related to G „. , G„.. .
G, , and G„. It is easy to show that

G~ =g+ (1+gV)P.G~P. (Vg + 1),

g=g (m)g (m~, g =(( -e ) ',

where V is the hopping term in (4) and V„=V„„=O. Also

G ~ = (~-q -Z)

where Z = Z„+iZ, is the self-energy of the absorbate state. Combining (3) and (6) yields

j((u)=jo((u)+[2j'((u)/h]im+~~(~ e~)(f[-t(a)G, (a[t )f)],
where j, is the current in the absence of adsorbate:

jo(&)=[2'(~)/a]g &6(~-&&)&(~-& )l(f IV&1m&l',

t = 7+ ~V, 5 = 7 + Vg 7.

(6a)

(6b)

(&c)

(6a)

(6b)

(6c)

When j,(&u) is evaluated from (6b), under the assumption that the metal potential is the square well
shown in Fig. 1, the result is identical to that of Young obtained by combining a supply function with
the WEB barrier-penetration coefficient. The term proportional to G„i(fIT la)2 in (6a) represents
tunneling of an electron from the adsorbate to the vacuum modulated by the density of states G„'. The
remaining terms in (6) arise because the effective transfer operator is t rather than ~. The 7g V part
of t represents the hopping of an electron from the adsorbate to the metal via V, propagation in the
metal, and then tunneling to the vacuum under the influence of 7..

Since the Anderson model involves an overcomplete set of states, it does not automatically give the
correct asymptotic dependence of the eigenstates {li)) of H '. To compensate for this we give to the
state la) appearing in matrix elements of the form (f I ~la) the asymptotic dependence which obtains
for e, = ez. Upon performing the summation Qz in (6a) one finds that

j(u~)/j, (v) = 1+ (u2-v')G„'+2uvG„",

u=[(ale+ 8(x)Vls)+Q V. I' ((u)((u-e ) ']{wQ [I ((u)]'n((o-e )) '",
(7a)

(7b)

where V is the potential appearing in V, of (4), T+8(x)V= 8(x)H~', and where H" is the one-particle
part of the Hamiltonian. In Eqs. (7a) and (7b)

(7c)

(7d)

Iu/vl= (»)'"(-~)'"(»,p, ) "'[1+(~g) '](I-~+g) em[&(~)x.],
where p~ is the volume per atom in the metal. Z, is the broadening of t:he adsorbate level as seen in
j(a&). The adsorbate wave function la) is dictated by the specific system. For simplicity we consider

v =+ V, I" ((u)6(u)-e ){mQ [I' ((u))'6((o-e )} "~,

I (&o) = (8'/2m) fd'S[(&y /sx) $(&o)y ]-,

where y = lm) is the metal wave function, $(u:) =(-2m&v/8 )' *, and the integration is over the metal
surface x=0. In (7b) the state Is) =exp{/(& )x-—,[axm/((&u)P, where a =2meF/8, is an asymptotic form
of the Airy function.

The relative magnitudes of u and v of (7) can be estimated using the square-well approximation for
the metal. The term involving I' in the numerator of (7b) is negligible, and
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only s states but make allowance for the "polarization" by considering admixtures of p states, i.e. ,
hybridization of the adsorbate orbitals. y is a measure of the P character: y= 1 corresponds to equal
amounts of s and p character and y=0 corresponds to no P character. Only the component of p, with

zero angular momentum normal to the metal surface will contribute appreciably to (a I
7. + 9(x) V ls).

We set g=m '"o.'"$ "'. Substitution of reasonable values for the quantities in Eq. (8) shows that u/v
-10'-10'. This result obtains because the tunneling processes represented by u and v, respectively,
are such that the barrier width in u is smaller than that in v. Here, v represents the energy-conserv-
ing process "adsorbate-metal-vacuum" while M represents "adsorbate-vacuum" as well as the non-
conserving process "adsorbate-metal-vacuum. " Thus u»v, and (7) gives

[j(~)-j.(~)1/j.(~) =- &j(~)/j.(~) =~'G..',
u'= A exp[2$((o)x, ],
A =4~p, ($'/n)IV [(u/((u+ W )]"'(I-y +g)'[1+ (wg) '],

(9a)

(9b}

(9c)

where (9b) and (9c) result from the square-well
approximation. p, is the ratio wan/S, where a
is the adsorbate radius and S is the surface area
seen in the experiment. The exponential factor
in (9b) comes about because electrons on the
adsorbate "see" a narrower barrier than elec-
trons in the metal. (9a) is valid if G„"«10'G„'
which is certainly the case if the adsorbate reso-
nance lies within the metal conduction band.

(9) is a remarkably simple result: It shows
that TED measures the local density of states at
the adsorbate. We estimate u' from (9b) and
(9c) for the Plummer-Young' (PY) experiment
of Ba adsorbed on W; they estimate 10 4 &p, &10 ',
eF=0.2 eV A ', 8' =10 eV, and -~=5 eV. We
take y=0. 8 and 2 A&x, &3 A. These values yield
50&& &5x10. At the adsorbate resonance E'„,
G„'(e„)= I/Z„Zz may be estimated from the ad-
sorbate peak width observed by PY to be -1 eV.
Thus we estimate' 51 &j(e„)/j,(e ) &5X10'. The
experimental result is j(e„)/j,(e„)-2-5. The high
calculated value is largely due to omission of
the image potential in our calculation. Its in-
clusion would increase j,(e„) by -6&& 10', while
tunneling from the adsorbate would be much less
affected. In addition, the overcompleteness of
the basis states in the Anderson model would in-
troduce pseudopotentials (see Kanamor i, Tera-
kura, and Yamada') which may affect j(&u). Thus
X in Eq. (9) should be regarded as a parameter.

We stress that b j(&u)/j, (~) ~ G„' depends only
on M»v, as is clear from (7). The corrections
to the asymptotic behavior of la) made in calcu-
lating (a Ir+ 8(x)Vis) do not influence v and this
gives additional confidence in the result u» v.
We further check the consistency of this point
as follows. If u»n then from (7), u'=(4j/j, )
&(G„') '. As stated above, PY observe hj/j,
-1-4 at &u = e, and G„~(c,) = 1 eV. Thus u -1-2.

vm= (I/2w2)p W (&u+ W )-u2( &u)-u2Z ~sp (10)

for the square-well approximation. For the PY
experiment we estimate v &1.5&& 10 ' from (10)
which is much smaller than the value for u es-
timated above.

If the adsorbate resonance &„ is below the metal
conduction band, G„'-0 for &u- e F and then hj/
j,=G„"2uv, where now G„"=(&o-e„) '; also
uv &0 so that Aj /j, &0. This result is in agree-
ment with DA; however, our theory should be
most reliable when ~„ lies near energies observ-
able in TED, i.e. , 0-3 eV below the Fermi level.

Although the energy dependence of hj(~)/j, (ar)
is primarily determined by G„, an additional
dependence comes from the factor exp[2$(~)x, ]
[see (9b)]. Assuming that G„' is represented by

0
JD

FIG. 2. Plots of j(cu)/jo(w) as given by Eq. (11) for
the cases a = 0, 0.6, and 0.9.
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a Lorentzian, we may write

zj/j, cc G.,'e xp[2$ ((u)x, I

cc (1+~a) 'exp(-a~),

e = (~-e,)/I',
o. =~, &(~,)l'/I&„l,

(11a)

(11b)

(11c)

where the resonance is at e„&0, and I is the
width of the resonance.

Equations (11)are valid for ku-e, l/le„l«1.
For values of I, x„and ~„equal to 1, 2.5, and
-5 eV, respectively, n =0.6. A plot of (lla) is
shown in Fig. 2 for e = 0, 0.6, and 0.9. For e
= 0.6 and 0.9, the peak is shifted by 0.33I and
0.62I' below the actual position of the adsorbate
resonance and the curves are not Lorentzian in
shape; thus G„'(~) must be "unfolded" from the
experimental curves.
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Auger electrons resulting from across-the-gap recombination are believed to have
been identified by their velocity distribution which does not depend on the energy of the
exciting photons.

One of the mechanisms responsible for nonra-
diative recombination of electron-hole pairs in
semiconductors is sometimes believed to be Au-
ger recombination. In the Auger process to be
considered, the energy released by the recom-
bination of an electron-hole pair is transferred
to a second electron which can dissipate this en-
ergy by multiphonon emission within the conduc-
tion band.

The occurrence of the Auger effect in across-
the-gap recombination in semiconductors has
been surmised on theoretical grounds; but, at
best, its manifestation has been indirect: the
emission of photons having an energy higher than
expected from thermodynamic consideration. "
The much shorter carrier lifetime than calculat-
ed from detailed balance, ' the temperature-de-
pendent reduction of carrier lifetime, "and the
carrier concentration dependence of radiative ef-
ficiency' are other indirect plausible consequenc-
es of Auger recombination.

In this Letter we report the direct observation
of the hot electrons believed to be generated by
Auger interaction. The hot electrons are emitted

into vacuum where their kinetic energy distribu-
tion is measured. From the characteristic dis-
tribution of emitted electrons and its dependence
on the excitation energy, it is possible to differ-
entiate between Auger electrons and other hot
electrons. In other words, it is possible to iden-
tify that component of the emission current which
is due to Auger excitation.

loafers of p-type GaAs doped to have a net hole
concentration of 8&&10"cm ' and 2X10" cm '
were used; n-type material was avoided to per-
mit reducing the electron affinity by surface
treatment. Heavily doped P-type material was
also avoided for two reasons: (1) to increase the
nonequilibrium electron concentration (the life-
time decreases with increasing doping), and
(2) to reduce the competing process in which an
Auger interaction between one electron and two
holes results in the generation of a hot hole. The
GaAs was polished and etched and then mounted
in the vacuum chamber illustrated in Fig. 1
where it could be cesiated. The photolumines-
cence spectrum of the specimen used reveals
transitions attributed to band-to-band as well as


