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i The extemal photoelectrlc effect at a metal-—vacuum interface has been thoroughly studied, both experi- - .
mentally and theoretically [1-4]. Systematic studies on the photoelectric effect at a metal~ —electrolyte interface -

did not, however, begin until very recently [5-8]. These studies have considerable interest for the genetal theory of
‘the photoelectric effect and surface phenomena as well as for practical application of photoemission. -This fact™ -
largely traces back to the structure of the interface [9] which is such that the apphcanon of a relatively small ex- -

. ternal potential can radrcally alter the electrode photoemrssmn ' - :

~ We will be concerned w1th the detatls of the so-called surface photoelectnc effect at a metal— electrolyte
, 1nterface and will show that the semi-empirical theory developed by Fowler [2] cannot be applied here in the man="
". ner proposed in [5, 6]. We start from the following natural assumptions: 1) the field associated with the external
electromagnetic wave is much weaker than either the interatomic or the intermolecular freld 2) the distance over

" which inelastic collision occurs between the fast moving photoelectrons and the solvent of the solution (moderatioa) -

is large in comparison with the interatomic separation. The illumination frequency, w, will, moreover, be assumed -

low enough ‘to eliminate the possibility of the bulk photoelectric effect in the metal, this being only weakly related. -

~ to surface phenomena. The interesting range of frequencies will therefore generally be iw=1to10eV, Here the -
effect of the magnetic fteld of the 1mpmg1ng wave on the electron movement can be neglected,

On this ba.srs the general expressron for the’ photoerrussron current from the metal can be wntten as:
SJ(E p,,w(u,np(E P )dEdpn | | M

Here A is the potential vector for the electromagnetlc wave; E and p” ={ Px Py } are the initial values of the en- -
ergy and the momentum component parallel to the surface, as given by the electron functions for the metal, from
which one develops j, the current density, asymptotic as z— « and averaged over the metal surface (z is the coor-
dinate normal to the surface); F is the Fermi function with the chemical potential -, and p(E, p) is the density

- distribution function. - Integration is to range over the entire phase space.* To find the current in any case, it is

necessary to solve the complex quantum mechanical problem of relating j to the interfacial properties; this we
-will treat in a special communication. Certain significant conclusions can, however, be drawn from Eq. (1), which
.can also serve as a basis for general statements as to the structure of the expressron for the current density, j.

Most of the electrons emitted into the liquid will have energies cons1derab1y greater than KT, and their mo-.
“tion in the liquid will be that of particles of effective mass m in a mean potential well of depth V, the latter de-
" pendent on the liquid properties (in the case of vacuum emission, V.= 0), .In this respect, particle motion in a polar
liquid is not different from particle motion in a polar crystal [10). We limit discussion to cases involving the ab- . -
_sorption of a single photon. In view,of conservation of energy and momentum, one has for the z momentum com=
ponent of the ermtted electron at pornts far removed from the metal:’ : :

p=VERETVF R =P "<2>_~

It follows from the form of the quantum mechamcal current den51ty operator [11] that the expressmn for A
'uEmmmum : - :

j(E pnA)—— e—lxp,l 6(p‘,‘) L e @

* It is to be emphas1zed that the forrn of Eq (1) is not dependent on the pamcular model chosen for the metal.

Instrtute of Electrochenustry, cademy of Sciences of the USSR (Presented by Academtcran A. N. Frumkin,
March 31, 1967). Translated from Doklady Akademii Nauk SSSR, Vol 178 No 4, pp 868- 871, February,_1968
Ougmal amcle subrmtted March 27 1967 L e S , :

-~ 85




- Here yf is the value of the electron wave function in an electromagnetrc freld at the hnut Z = oo, e(pz) is a
" theta function defined by the conditions, 8(x) =0, when x < 0, and 6(x) =1 when x'> 0. The followtng statements ;

‘‘can be made concernmg the function |yg |2 Fist, it s smooth over the’ regton of integration, the latter bemg

- bounded because of the g function of Eq. (3); second, it behaves like a constant as p—» 0, provided the surface po- :
" tential fall-off is suffrcrently rapid, Estimates similar to. those made for threshold sections (see, for example, ney -

show that qu[z can always be considered as constant when the energy hw, and the correspondtng final electron ki--:

netic energy, p z/2m, is less than 12/2mé?, & being a parameter measuring the fall-off in- the surface forces. For the' o i}
“case in question here, this interval of final energtes covers several electron volts and thus mcludes almost the en~ T

~tire range of surface photoelectrtc effect energres

The situation in regard to electron emission in vacuum, orin a drelectrtc wrth drelectnc constant close o

" unity, is quite different; there one has long-range image forces so that [yg |2 ~ l/p when the energy is low.: 'I’hrs S
. fact Justrftes the substitution in Eq. (1) of a constant when p > 0 -and zero. when p <0, rather than .the expression of R
" Eq. (2), when calculaung the vacuum threshold current hrs is the procedure of the Fowler theory mentroned above EIE
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bHere [;pf [%p is the mean value of the functron [yf] p a quantrty which depends only weakly on Eo over an mtegra-

" tion range of Hw values lrrruted in the above sense

At T=0,itis reasonable to speak of the threshold frequency for the smgle-photon photoelectnc effect (red
edge). The corresponding value of w is to be determined from the condition Hw,y = W, where W, the work function
for passage of an electron from the Fermi surface into the liquid, is given, in the present case, by W =~=(u + V).

© Over the interval of frequencies close enough to wg so that 1l jw —wy| < e, ¢p being the Fermi _energy of the metal
‘calculated from the bottom of, the conduction band, one can use the approximation. l\l)]l 0 = |P¢] p|b=’,,.

Carrylng out a change of variables in Eq (4) p” (ﬁ +E+ V)IkT one can rewrite the expressron for

Lin the form: , e . R o
S 1= .40<AT/ eF)'zTZXB(m P,
: Here Aors the Sommerfeld constant, as gtven by the equauon Ay = 41rekzme/(2ﬂ‘ﬁ)3 = 120 A/(cm degz) (me is the

mass of the electron), y is a dimensionless function depending on the properties of the metal and the mterface, and’

{3 = ﬁ(m — wo) [AT. The general functron B(B) of Eq (5) is defined by
. ’ I
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It is to be emphasrzed that the derrvauon of Eq (5) involves no assumptrons concermng the form of the po- )

tential barrier, other than it fall off rapidly, and none at all .concerning the properties of the Fermi- surface. . This is L

~in distinction to the work of {1-3] which was based on the free electron model and an assumed rectangular poten-
tial barrier. The function B(8) has been studied earlier in connection with the calculanon of the mean energy of
"~ the electron gas It follows from Eqs (5) and (6) that when T 0 one has . S :

[ 0 | : _:_ 1f m<0)o,; Ll (7)
[rz(co—wo)l"“ Hoeze 0 @
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o Equatton (8) mdrcates that the photocurrent from a monochromatrc source follows a 5/2 law at T 0 The S

concept of the red edge becomes vague when T = 0'since there is then a photocurrent evenifw < wy However

with i increasing frequency, the temperature dependency rapidly disappears if H(w-— wo) >> kT and when 8 >>1 the o 7

photocurrent will once more be descrrbed by Eq (8), as can be seen frorn Eq (6)

Substttutlng Egs. (2) and (3) in Eq (1), and taktng account of the precedmg remarks one ﬁnm for the pres-v
""'-"Aent case: R L . L S . ol L - . .
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" Fig. 1. The relation between the photocur-~ -
rent 12/5 (relative units) and theelectrode po- ..
S tenttal - . 1n volts (recalculatton of the” -

data of [5]). Wave length of light, A,
2537 4. Soluton composition: 1) 0.2 M
. KCl, saturated with N,0; 2) 0.2 M NaF,

saturated with N,0; 3) 0.2 M KCl and o

'. 3.3- 10'3 M T\'ZO

 We will now consider the frequenicy dependence of the sur- -
. face photocurrent when fi(w — ) = €r. When the frequen-
" cies, and corresponding values of p, are high, and the surface po--

“tential falls off rapidly, y¢ proves to be the p-th Fourrer compoient

of the bounded square integrated function. It then’ follows from
the known properties of the Fourier transform that the value of
[yg|? will diminish as p increases (with |yf|2 - 0 and p - «). This

- indicates that departures from Eq. (8) will be in the direction of

diminished values of I as w increases, The general form of the

. I(w) function up to the beginning of the bulk effect must be that of -
"a curve wrth a rvaxrmum (or maxrma) at fi((o — (,)0) ~ &p.

 Itisto be emphasrzed that the snuauon here IS drfferent
from that of [4, 183, 14],in that Eq. (8) contains the factor (w — wy)
raised to the 5/2 rather than the second power -our calculation
having taken account of the additional fall-off in the current as
w ~wy. The temperature dependence of I in the neighborhood of

- the threshold frequency must naturally be drfferent from that given
by the. Fowler theory. - ' :

Establishment of a potenttal drfference, @, between the
metal and the electrolyte (electrode polarization) changes the
depth of the potential well, V, by the amount ey, and brings
about a correspondmg shift in the red edge for the photoelectric
effect ' : :

flwo((P) = ﬁmo(O) + ep. O

rlere wo(O) is the value of the threshold in the absence of any additional polanzauon @, _of the electrode. The rela-
-tions obtained for I combined with Eq. (9) fix the volt— ampere characteristics of the metal — electrolyte system un-
- der the electromc photoelectric effect, provided the effect of an alteratron of the potential on the electron density

-of the metal can be neglected.

As an 111ustrauon of the theory, the expenmental data of Barker et al. on mercury [5] have been reworked .
with the aid of Egs. (8) and (9). It is seen from Fig. 1 that the agreement with the theory is quite good, the straight

lines of the family passing through a single point.
length of the radiation used in the experiment [5], Eq. (9) was used to determine the work function for the passage of -

Knowing the potential of this point of intersection of the wave

-rapid electrons from mercury to water at the null charge of W= 3 3 eV - Similar results have been obtained on re-

- workmg other data [6].

It follows from symmetry consrderanons that it is only the 2 component of the electric fteld E,, that can give

rise t(z) this kind of quantum transfer. From this one concludes that in first order perturbation theory, ¥, ~ Ez and
'X~Ep . - Thus the photoemrssron current resulting from polarized light depends not only: on the angle of incidence,
_but is also proportional to the second power of the sine of the angle between the plane of polarization and the plane
of incidence. The experimentally observed close dependence of the photocurrent and the light polarization points
to the presence of a surface photoelectric effect, this type of dependence being foreign to other mechanisms which
. have been advanced to account for the photocurrent in the metal — electrolyte system. By using polarized light
sources, one could hope to separate the surface and bulk components of the photoelectric effect at high energies.
‘This should give additional significant mformatton concerning surface effects. In parttcular, the * pomt of de- .
parture -from the 5/2 law is related to the range of action of the surface forces. S ‘

The authors wish o thank V. G. Levrch who suggested IhlS problem and has repeatedly dtscussed it w1th them;
they would also like to thank R, R Dogonadze,.V V. Tolmachev, and Yu. V. Pleskov for dtscusston,of the results.
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' We note that the 5/2 law was also obtamed in [3] for the specral model of the electron gas andarectangular po- .
“tential well. The approach of [3] is not, however, surtable for the present case of photoemlsswn in vacuum, since

long-range 1mage forces always come into play there..
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