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The photoelectric yield and photoelectron energy distributions have been measured on Rb
and Cs in the photon energy range 2. 0-11.2 eV. These results and the trends across the
series Na, K, Rb, Cs are compared with the predictions of the three-step volume model.
The energy distributions show evidence of scattering by pair creation and surface-plasmon
creation in close similarity to characteristic energy-loss spectra. Estimates for the hot-
electron mean free path in Cs are quite short, indicating that surface properties are likely
to be important in some energy ranges.

I. INTRODUCTION

Photoemission experiments have been performed
on Rb Rnd Cs using the techniques employed earlier
on Na and K. ' Measurements are reported here for
the photoelectric yield and the photoelectron energy
distributions taken on thick evaporated films of Rb
and Cs in the photon energy range 2. 0-11.2 GV.

Previous measurements by Ives and Briggs~ and by
Methfessels had been confined to the photon energy
range below about 5 GV.

As in the previous paper, ' the new results will be
interpreted in terms of a three-step model ' in
which the photoemission process is envisaged as R

volume effect occurring in three sequential steps:
(a) optical excitation of an electron, (b) transport
to the surface, and (c) escape across the surface.
If lV„,(E, her) denotes the internal distribution over
energy E of the electrons excited by light of photon

energy K~, the external distribution N,„,(E, h~) of
photoemitted electrons is given by

iree-electron band. The parameter E is a. geomet-
rical factor which arises in the spatial and angular
integrals and is given by

nl+1 nl+1 1+nl
al 21',(IMl)' a(+1 Ra/2' ) '-

(3)

K is slowly varying the takes on values between &

and 1. The physical interpretation of Eg. (1) is
straightforward. The factor nl/(1+ nl) is a, mea-
sure of the number of photoexcited electrons which
reach the surface. Of these, the fraction capable
of escaping is given by To(E) which is the solid
RDgle of an escape cone dlvlded by 4F.

It is customary to express the above photoemis-
sion quantities as numbers of photoelectrons per
absorbed photon. The normalization factor 8 is
then given by

N,„,(E, h(o) = BK(n, l, To) To(E) N„t(E, S(u).

(1)

The simplifying assumptions involved in the deriva-
tion of this equation are discussed in the original
paper by Berglund and Spicer. The parameters
are defined as follows: n is the absorption coeffi-
cient of the metal at frequency ru, l is the hot-elec-
tron mean free path and is a strong function of E;
B is a normalization factor; To(E) is a semiclass-
ical threshold function given by

8'is the effective depth of the electron potential
well and E3 denotes the energy at the bottom of the

where Ep 18 the Fermi GQergy RQd takes its free
electron value 5 kr/2m for the metals under consid-
eration here. The quantum yield expressed in elec-
tl'ons pex' Rbsolbed photon ls then

This represents the yieM of photoelectrons which

hRVG GDlex'ged from the xnetRl without scRttex'lng.
Electrons which have undergone a scattering cannot

be discarded from the problem. Although the scat-
tering is highly inelastic, the scattered electrons
may still be sufficiently enex getlc to escape from
the metal. As in the previous work on Na and K, '
it will be seen in Sec. O'Ithat the energy distribu-
tloDS coQtRlD a vely lax'ge contribution attributable
to secondary electrons which have undergone such
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scattering processes. The total yield Y~, is there-
fore given by y,„,plus the yield of secondary elec-
trons.

The Fermi energies in Rb and Cs are quite
small, being 1.S eV in Rb and 1.5 eV in Cs. It will
be seen in Sec. IV that the photoelectron energy
distributions show a leading peak which falls within
the Fermi energy of the high-energy cutoff and can
be identified as electrons which have escaped with-
out scattering. The rough separation of the spectra
into scattered and unscattered electrons rendered
possible in this way enables us to estimate y,b, .
This in turn leads us to an estimate for the hot-
electron mean free path l in Cs at several separate
energies. It will be seen that the -estimated values
of l are extremely short being less than one atomic
spacing. The serious implications with regard to
the adequacy of the three-step volume model will
be discussed.

In Rb and Cs, the low-energy end of the photo-
electron energy distributions shows some structure
below the leading peak which can be attributed to
a discrete energy loss by surface-plasmon crea-
tion. In Sec. VI, the photoelectron energy distri-
bution from Cs will be compared with character-
istic energy-loss experiments on Na performed by
Holzl, Mayer, and Hoffman.
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FIG. 2. Photoelectric yield per incident photon for
Na, K, Rb, and Cs as a function of the normalized fre-
quency &/&&.
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FIG. 1. Photoelectron energy distributions taken on
two different samples of Cs. The full curve was taken
in the presence of reverse photocurrent and displays a
spurious peak indicated by the arrow.

II. EXPERIMENTAL DETAILS

The vacuum chamber and measuring equipment
used in these experiments was the same as that used
in the work on Na and K. ' Samples of Rb and Cs
were obtained already sealed under vacuum in glass
ampules. The quoted purities were 99. 95+% for Hb
and 99. 9V% for Cs. An ampule was placed in the vs cu-
um chamber and broken open after the usual pump-
down and bakeout procedure. The sample was then
prepared by evaporating some of the alkali metal
onto a mechanically polished substrate of copper

or silver. The results were found to be independent
of substrate material. The photoelectron energy
distribution curves (EDCs) were measured by the
usual ac modulated retarding potential technique.
The photoelectric yields were determined by com-
paring the photocurrent from the sample with the
photocurrent from a Cs3Sb photodiode calibrated by
Bauer' and by Koyama. ' The usual correction was
made for the transmission of the I iF window.

Rb and Cs are both quite volatile. It was found
that after a considerable amount of metal had been
released into the chamber, the pressure gradually
rose and leveled off near the room-temperature
vapor pressure. This presumably represents a
situation in which new alkali metal vapor is being
evolved as fast as the pump (Varian 110-liter/sec
Noble Vacion) can remove it. Layers of alkali
metal consequently accumulated on all the internal
parts of the chamber giving rise to several trouble-
some effects. One effect, for example, was to
lower the work functions of the internal parts of the
chamber and increase their photoelectric yield.
Photoelectrons from these surfaces were able to
find their way to the emitter and cause a reverse
photocurrerit. Since the yields of bulk alkali sam-
ples are rather small, the reverse current was
sometimes comparable with the photocurrent from
the sample itself. Reverse photocurrents were ac-
companied by a distortion of the low-energy end of
the measured energy distributions in the form of a
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spurious peak. The full curve in Fig. 1 is an EDC
taken on Cs while reverse photocurrent was pres-
ent. The arrow indicates the spurious low-energy
peak. The reverse current and spurious peak could
be temporarily removed by heating the parts of the
chamber in the vicinity of the window in order to
disperse the accumulated metal. Only the extreme
low-energy end (i. e. , below about 0. 5 eV in Fig. 1)
was affected by this procedure. The broken curve
in Fig. 1 shows an EDC taken on a separate sample
of Cs in the absence of any measurable reverse
photocurrent. The difference between the full and
broken curves therefore indicates the reproducibil-
ity of the results.

A second troublesome effect was due to condensa-
tion of metal on the internal electrical insulators.
This gave rise to leakage currents and, in extreme
cases, shorted the photocurrent to ground. Heating
the appropriate parts in order to disperse the
metal was again found to be effective in restoring
good performance.
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FIG. 3. Variation of (1-B)0.'for Na, K, Hb, and Cs
with the normalized frequency e/w&.

The measured photoelectric yields of Rb and Cs
are compared with those of Na and K in Fig. 2.
The yields are expressed as Y„„the number of
emitted electrons per incident photon, and are plot-
ted against the normalized frequency z/~~ where

S&~ is the plasmon energy taken from measure-
ments by Kunz. In all four metals, the yields are
small being generally less than 10 3.

The behavior in the vicinity of the plasmon energy
hw~ is of particular interest. The values of S(d~

determined by Kunz from characteristic energy-
loss experiments" are 5. 7, 3. 7, 3.4, 2. 9 eV, re-
spectively, for Na, K, Rb, and Cs. For Na and K,
the yield shows a pronounced drop on passing

FIG. 4. Photoelectron energy distributions for Hb at
high photon energies referred to initial-state energy and

normalized to the yield per incident photon.

through the plasma frequency. It was shown in the
previous paper that this effect could be understood
in terms of the macroscopic optical constants via
the function (1 -R)n, where R is the normal reflec-
tance and n is the absorption coefficient. It is of
interest to see if the suggestion of a shoulder in
Rb and the absence of structure in Cs near S&~ can
be understood in the same way.

The (1-R)n factor arises out of the three-step
model as follows. First the yield per incident pho-
ton, F„„is related to the yield per absorbed pho-
ton, Y„„through the absorptance (1-R):

Y„,= (1 —R) Y,b, .
Like the unscattered contribution [y,~, in Eq. (5)]
the scattered contribution to the yield also contains
the arrival factor nl/(1+ nl). For the electrons
under consideration, the mean free path is small
and nl «1. It follows that the product (1 —R)n can
be factored out of the expression for F„,. The op-
tical constants of Hb and Cs have been measured by
one of us" for frequencies below 4. 0 eV. The
values of (1 -R)n calculated from these optical con-
stants are plotted against &u/~~ in Fig. 3. The cor-
responding curves for Na and K are also shown.

Each curve shows a peak just below the plasma fre-
quency. The peak arises because 1 —8 increases
sharply on passing through the plasma frequency
whereas n decreases sharply. The opposing ten-
dencies compensate each other in the product ex-
cept for the residual peaking effect. The peak,
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istence of the surface plays an important role in
the photoemission process. Mahan" has shown

that proper attention to the angular distribution of
photoelectrons can also be important. In particu-
lar, Mahan shows that for certain crystal orienta-
tions, the surface transmission factors enter into
the problem in such a way as to remove the lower
edge of the rectangular box shape distribution and
give rise to sawtooth-shaped distributions closer
to those observed. Experim nts on single crys-
tals would be desirable. The samples used in our
experiments are believed to be polycrystalline and
the preferred directions (if any) are not known.

Also, the reflecting properties were not perfectly
specular and this would indicate a range of angles
of incidence due to nonflatness.

V. ESTIMATES OF HOT-ELECTRON MEAN FREE
PATH IN CESIUM

In pursuing an interpretation in terms of the
three-step model, we have been led to identify the
leading peak in the EDCs as electrons which have
escaped without scattering. The area under the
leading peak is therefore y,„„the yield of unscat-
tered electrons per incident photon, and y„, is
equal to (1 —A)y ~, where y,~ is given by .Eq. (5).
In order to estimate /, let us now introduce the fol-
lowing approximations.

/he leading peaks in the EDCs of Figs. 4-7 are
seen to be fairly narrow so that we may think of
the unscattered electrons as being approximately
monoenergetic. At any given photon energy, we

may therefore replace the variable functions To(E)
and l(E) by their values To(E) and l(E) where E is
some average energy within the peak. In anticipa-
tion, let us assume that the mean free paths are
small and that nl «1. The factor nl/(1+ nl) may
be then replaced by nl. It may also be shown that,
in this limit, the function K(a, f, To) of Eq. (3) may
be replaced by 1 —To(E). Combining Eqs. (1), (4),
and (5) we have

short being barely greater than 1 A.
The shortness of the mean free path casts serious

doubt on the validity of the three-step model which
assumes that the photoemission process is pri-
marily a volume effect. If the photoelectrons are
emerging from only the first atomic layer, it may
be more correct to think of photoemission as pri-
marily a surface effect, "' ' at least for Cs at
these high photon energies. Rough estimates for
Na using the photoemission data of the earlier
paper' and the optical constants of Sutherland et
al. ~' also give extremely small mean free paths.
If photoemission in the alkali metals is strongly
influenced by the surface at these high photon en-
ergies, this could explain why the leading peak in
the experimental EDCs does not show the rectangu-
lar shape predicted by the volume model.

There are, of course, approximations in the mod-
el which could lead us to underestimate the mean
free path. For example, the semiclassical thresh-
old function of Eq. (2) is based on a crude escape-
cone argument which may greatly overestimate the
fraction of electrons capable of escaping. Figure
4 of Mahan's paper' would indicate that the unscat-
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It follows, therefore, that knowledge of y„„R,
To, and n leads to estimates for /. The optical
constants of Cs measured recently by %'hang, Ara-
kawa, and Callcott'~ were used to calculate (1 —A)
and o.. The quantity o. is given by 4vk/t. , where rc

is the imaginary part of the refractive index. Val-
ues of 4 were taken from the smooth curve in Fig.
1 of the paper by %hang et al. The unscattered
yield, y, „„was obtained by evaluating the area of
the EDCs to the right of the valley minima indicated
by full circles in Fig. 7. To(E) was evaluated from
Eq. (2) with E = E, taking E at about 0. 5 eV below
the leading edge, and with 8'= 3. 5 eV. The values
of l calculated from Eqs. (8) are plotted against
E in Fig. 9. Note that the values are extremely

~ ~ ~ ~

l l l
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FIG. 9. Experimental and theoretical estimates of
the hot-electron mean free path in Cs as a function of
energy above the Fermi level. The full circles denote
the experimental estimates. The dashed curves represent
the contributions due to pair creation (l;) and plasmon
creation (l~). The full curve g) represents the combined
mean free path.
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the radius of a sphere which just encloses the vol-
ume occupied by one electron. The combined free
path f is given by f,f, /(l, + f, ).

The values of /, l„and l, calculated for Cs are
plotted in Fig. 9 where they are compared with the
experimental estimates. There is order-of-mag-
nitude agreement which is about as good as one can
expect in view of the approximations which have
gone into both the theoretical and experimental
estimates. Even if the agreement were exact, we
could derive little comfort from it, since the short-
ness of the mean free path tends to undermine the
model from which the experimental estimates were
obtained. Our safest conclusion from both theory
and experiment is that the electron-electron inter-
actions in the alkali metals seem to be quite strong
and should possibly be taken account of in the op-

1B,85tical excitation event itself.

I I I I I I
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FIG. 10. Photoelectron energy distributions at I'u
=10.2 eV for Na, K, Hb, and Cs. The full horizontal
bars represent the surface-plasmon energies; the dashed
bars represent the volume-plasmon energies.

tered yield can vary by an order of magnitude de-
pending on crystal orientation.

There is some theoretical reason to suppose that
the mean free path in Cs ought to be small. A hot
electron scatters against the particles in the Fermi
sea and may decay by either collective interactions
(plasmon creation) or by individual particle colli-

(pair creation). A theoretical expression forsions pair
the mean free path due to plasmon creation o aine
by Quinn and by Thomas is

VI. SCATTERED ELECTRONS

Although the discussion in the preceding sections
indicates that photoemission from the alkali met-
als may be primarily a surface phenomenon, the
three-step volume model may still be of utility in

interpreting the qualitative features of the EDCs.
F 10 shows the EDCs for Sco = 10.2 eV takenlgure

~ fN K Rb and Cs. The intermediate piece oon a~

structure which appears in K and which becomes
progressively more pronounced in Rb and Cs has
been attributed by Smith and Spicer to a discrete

loss through surface-plasmon creation. The
e- andhorizontal bars in Fig. 10 indicate the volume- an

surface-plasmon energies. The separation of the
leading and intermediate peaks in Rb and Cs favors
the surface-plasmon mechanism. In fact there is

E &E~+ k(dp- E&

elsewhere . (9)

320&
l, (E) =

( ), , (lo)

where

K= arctany+y/(l+y }

and y = (m/nx )~'2 where n = (4/9w)'I' and a~r, is

ae is the Bohr radius, y = (E —EIJ)/EI, yq = h(dp /Ey ~

E~ equa s yl 8 k /2m the free-electron Fermi energy,
theand E~ is the energy location of the bottom of e

free-electron band. An approximate expression
for the mean free path due to pair creation '~ is

iE
O
I-
Cl

Ch

cj

CQ

4Jx
LLI

5
I-
O
W

4J

I I

2
NORMALIZED ENERGY E/1ltdp

FIG. 11. Comparison between the photoelectron ener-

gy distribution o Cs af C t I'co =11.2 eV and th~ characteristic
energy-loss spectrum of Na measured yb Holzl et aE.
(Ref. 19) for electrons of 17-eV incident energy. The

energy sca es ave1 h been normalized to the respective
plasma frequencies.
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nothing in the spectra which can be positively iden-
tified as a volume-plasmon loss. The faint piece
of structure observable below the intermediate
peak in Cs has been tentatively interpreted as ei-
ther a two-surface-plasmon loss, or the edge of a
volume plasmaron. ~6

In the three-step model, we imagine the optical
excitation of an electron being followed by a scat-
tering event at some later time. It may be that the
optical excitation and scattering events (and also
the escape across the surface) are intimately inter-
connected. For example, in Sutton's many-body
surface approach to photoemission, '6 the interme-
diate peak would be explained as photoelectrons
which have left behind a "surface plasmaron" (i. e. ,
a coherently interacting hole and surface plasmon).
The experimental results do not distinguish between
these alternatives.

The background upon which the surface-plasmon
structure is superimposed is attributed to scatter-
ing by pair creation. The shape of the background,
particularly the low-energy peak, agrees with the
predictions of the Berglund-Spicer pair-creation
model. ~

It is of interest to compare the photoemission
EDCs with characteristic energy-loss spectra. The
comparison will be most meaningful if the charac-
teristic energy-loss experiments were performed
with electrons whose incident energy is close to
the photon energies used here. Such experiments
have been reported on Cs by MacRae, Muller,
Lander, Morrison, and Phillips, and they confirm
the prominence of surface-plasmon scattering.
Measurements have also been reported on Na by
Holzl, Mayer, and Hoffmann. ~ In Fig. 11 we com-
pare these characteristic energy-loss results on
Na with the photoemission results on Cs. The
horizontal scales have been normalized to the re-
spective volume-plasmon energies taken from Kunz'
(2. 9 eV for Cs, 5. 72 eV for Na). The lower curve
taken by Holzl et al. is the characteristic energy-
loss spectrum of reflected electrons from Na using
incident electrons of energy 17 eV. The upper
curve is the photoemission EDC taken on Cs at
8+ = 11.2 e7 and has been placed on the horizontal
scale so as to align the leading peaks. The charac-
teristic energy-loss curve on Na shows a peak at
energies below the leading peak. This peak is attri-
buted by Holzl et al. to a surface-plasmon energy
loss, although its separation is somewhat less than
Kunz's value for the surface-plasmon energy, which
falls close to the ideal value of h&u~/v 2. As in the pho-

toemission EDCs, the characteristic energy-loss
curve shows no peak which can be identified as a
volume plasmon. Bearing in mind that the curves
in Fig. 11 were obtained in different kinds of ex-
periments on different metals, the similarity is
quite striking and suggests that similar basic scat-
tering processes are involved.

VII. CONCLUSION

It has been found that the photoelectric yield and

photoelectron energy distributions from Rb and

Cs can be understood qualitatively in terms of a
three-step volume model which has also worked
qualitatively for Na and K. The model, however,
runs into difficulties when pushed for quantitative
predictions. The lower edge of the predicted rec-
tangular box shape for the distribution of unscat-
tered photoelectrons is not seen in experiment.
This discrepancy may be removed by proper at-
tention to the crystal orientation effects in the theo-
ry. ' A more important difficulty with the model,
however, is that it leads to estimates of the hot-
electron mean free path which are shorter than
the atomic spacing. This result, together with
the prominence of surface-plasmon structure in
the energy distributions, leads us to conclude that
photoemission in the alkali metals (at least in Cs
at high photon energies) may be more properly
thought of as primar ily a surf ace phenomenon. This
does not conflict with the earlier work of Piepen-
bring and Thomas who concluded that photoemis-
sion in Na and K is primarily a volume effect.
The work of these authors was confined to lower
photon energies (& 5 eV) for which the excited elec-
trons have longer mean free paths. We hasten to
add also that we have not demonstrated here that
photoemission in the alkali metals necessarily
proceeds via the classic surface photoelectric
mechanism treated by Mitchell~a and others. Our
conclusion is merely that both the experimental
and theoretical estimates of the mean free path
indicate that the majority of photoelectrons, at
least for Cs at the higher photon energies, originate
from extremely close to the surface and therefore
may not be truly representative of the bulb elec-
tronic properties.
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A semiempirical molecular-orbital calculation is developed for describing the energy levels
of KCI: Tl. This approach is conceptually more satisfactory than the ionic one, as the nature
of a Tl-Cl bond is largely covalent. The computations are first carried out in the one-electron
approximation, and then the Coulomb and spin-orbit interactions are taken into account. No

attempt is made at an exact calculation, but it is demonstrated that the covalent calculation
gives a consistent interpretation of the absorption spectrum.

i. iNTRODUCTION

The absorption spectrum characteristic of Tl'
in alkali halide crystals consists of four bands
labeled A, B, C, and D. The A, C, and D bands
are strong and rather temperature independent,
whereas the strength of the weaker B band is tem-
perature dependent. The A, B, and C bands arise
from transitions to excited states of the activator,

whereas the D band is due to excited states of the
host crystal (perturbed excitons). "~ The A, 8,
and C bands are qualitatively explained by the model

proposed by Seitz, and quantitative approaches to
the problem of determining them were taken by
Williams on the basis of the ionic model. How-

ever, it was suggested' that a purely ionic de-
scription of the luminescence center was erroneous,
and that modifications would have to be made to ob-


