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Measurement of Surface Plasmon Dispersion in Aluminum and Indium*

K. J. Krane and H. Raether
Institute of App/ied I'hysics, University of Hamburg, 2000 Hamburg 36, Germany

(Received 21 July 1976)

Energy-loss experiments with 50-keV electrons on thin polycrystalline films of Al and
In yielded data for the surface plasmon dispersion up to A. ll

= 0.47 and 0.42 A, respective-
ly. The wave-vector dependence of the surface plasmon frequency of Al shows a signifi-
cant increase fork~~ )0.3 A, while in the case of In there is only a weak increase fork~~
&0.2 A

Experimentally and theoretically it is well es-
tablished that the frequency of surface plasmons
(SP) is dependent on the momentum transfer par-
allel to the surface hk~~ and decreases to zero as
k

~~

-0 due to retardation. For larger k l, values
k~ &kt, «kF, where k~= &u~/c, with ~~ the plasma
frequency and k„ the Fermi wave vector, the fre-
quency approaches -~~/v2 for a, clean-vacuum-
free-electron-gas boundary. In the region of
higher k~~ values, where retardation can be ne-
glected (k~~)) kp) several theoretical attempts
have been made to calculate the surface plasmon
dispersion. Early work predicts an increase of
the frequency due to thermal motion of the plas-
ma electrons' '; and subsequent studies show that
the shape of the electron density profile at the
surface has a strong influence on the ~(k „) depen-
dence. ' ' The situation has been reviewed quite
recently in Ref. 9. There are mainly two experi-
mental approaches to observe the surface plas-
mon dispersion: inelastic low-energy electron
diffraction (ILEED) and high-energy electron
loss spectroscopy (in transmission). The results
which shall be described in the following have
been obtained with the second method.

Electrons with kinetic energies Ec (50 keV in
these experiments) and momenta kkc pass through
thin films several 100 A thick. They are scat-
tered inelastically into angles 0 losing energies
4E &&Eo and transferring momenta kk to the foil.
The momentum transferred to the surface in the
case of normal incidence of the incoming elec-
trons amounts to k,l= k00. The dispersion is
measured observing the value AE, = hm, of the
surface loss as a function of momentum transfer
kk„or of the scattering angle 8.

Earlier experiments on Mg 0

yielded results out to values of k~l-0. 3 A '. Sev-
eral improvements of the apparatus described in
Ref. 12 (e.g. , better beam stability and a more
sensitive detection system) made it possible to
observe the SP dispersion of Al out to k~, = 0.47
A ' and that of In out to klan=0. 42 A '. The energy

half-width of the primary beam and the angular
width were 0.5 eV and (2-2.5) &&10 ' rad, respec-
tively, for all measurements. In order to deter-
mine the position of the surface peak, its intensi-
ty should be sufficiently high at large 9 values to
separate it from the low-energy wing of the vol-
ume loss. However, there is a limiting factor
since the surface-loss intensity decreases strong-
ly with 0, namely, with 0 ', whereas that of the
volume excitation decreases with 8 . This diffi-
culty can be compensated to a certain extent by
using thin films so that the intensity of the volume
loss can be reduced and becomes comparable with
the intensity of the surface loss, which is nearly
independent of the thickness. A thickness of about
300 A gives good results for both Al and In.

Since the position of the surface loss is sensi-
tive to contamination of the metal surface, the
sample has been prepared under ultrahigh-vacu-
um conditions (-3 X10 9 Torr) To redu. ce the
rate of contamination during electron irradiation,
a cooling trap filled with liquid Nm surrounded the
film. The cleanliness of the surface has been
controlled during measurements by determining
the position of the surface loss at 8 = 0 from time
to time. Thin substrates were necessary to sup-
port the metal films. To obtain the metal loss
spectrum, the contribution of the substrate loss
spectrum has to be considered. Since its struc-
ture depends also on k, the loss spectrum was de-
termined as a function of k before depositing the
metals and subtracted from the metal-plus-sub-
strate spectrum recorded at different wave vec-
tors. The substrate materials were films of SiO
for In and carbon for Al about 150 A thick. The
characteristic energy-loss spectra for both mate-
rials show only a weak structure Rt 4E values
rather different from that of the metals; this is
valid for In on SiQ up to kI( 0,4 A '. The metal
films deposited on these substrates by vaporiza-
tion were polycrystalline.

The Al spectra show two separate excitations
due to the two interfaces, vacuum/Al (-10.2 eV)
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FIG. 1. Dispersion of the surface-plasma loss of Al.
Results from high-energy electron energy-loss experi-
ments by Kloos and Raether, Ref. 11 (crosses), by
Langkowski, Ref. 12 (triangles), and from present work
(circles). Dispersion curve derived from ILEED meas-
urements by Duke et al. , Ref. 17 (full line).

0.4 0.5

and Al/carbon (-7.4 eV).""The dependence of
the -10-eV loss on the momentum transfer has
been observed and is plotted in Fig. 1 together
with earlier energy-loss data obtained with 50-
keV electrons. The results of these experiments
are in agreement within the limits of accuracy.
For wave vectors k„&0 and 2 A ' a slight increase
of AE, with k1, takes place, indicated in the data of
Ref. 12 too, but not exceeding the limits of accu-
racy. This tendency becomes significant for k~l

&0.3 A '; ~E, increases to 11.95+0.5 eV at k~~

= 0.47 A '. The indicated error bars are a conse-
quence of the poor intensities of the surface plas-
mon excitation at high k,

~

values. The results on

Al demonstrate a pronounced increase of the fre-
quency of the surface plasmon with k1, . A theore-
tical evaluation of this result cannot be made for
the moment since the theoretical situation is not
yet settled.

ILEED experiments on the SP dispersion of Al
have been performed. ""The recent data on

Al(100) of Duke et al."and the corresponding er-
ror bars have been plotted in Fig. 1 showing an
agreement in the general behavior concerning the
increase of the surface plasmon frequency with

k,1. One has to keep in mind that the ILEED data
are obtained on single crystals whereas ours
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FIG. 2. Dispersion of the surface-plasma loss of In.
Measured values (open circles); Value of the surface
plasmon frequency derived from optical-reflection ex-
periments by Koyama, Smith, and Spicer (Ref. 18) and
value obtained from electron-energy-loss reflection ex-
periments by Schilling, Ref. 19 (full line).

have been measured on polycrystalline films de-
posited by evaporation. The measured dispersion
is therefore averaged over the different crystal
directions. For a detailed comparison with ILEED
data it would be necessary to calculate a disper-
sion relation averaged over all crystal directions,
which is not available. Furthermore, we can say
that our data exclude a negative slope of the dis-
persion curve. For a more detailed discussion,
however, the accuracy of the experimental re-
sults has to be improved.

For In it was possible to measure the SP dis-
persion up to k1,=0.42 A '. For higher values of

k11, contributions of the characteristic energy-
loss spectrum of SiO (weak structures in the re-
gion of the surface excitation of In) to the energy-
loss spectrum appear, thus precluding a reliable
determination of the surface excitation of In.
Therefore, the results on In are platted only up
to k~~ =0.42 A ' (Fig. 2). The result is found to be
different from that for Al. Beyond the retarda-
tion region only a slight increase of AE, with k,

1

takes place. For the interpretation of the differ-
ing results on Al and In, one has to take into ac-
count the different bulk electron densities of these
materials which may influence the electron den-
sity distribution at the surface. Furthermore, an
influence of surface roughness on the SP disper-
sion by changing the effective electron density
distribution at the surface has to be considered.
At the moment, however, a more detailed dis-
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cussion of this problem is premature.
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Spin-Flip Raman Echo in n-Type CdS
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We report on. the first observation of a Raman echo, using spin-flip Raman scattering at
4905 A of bound donors in CdS to create a coherent spin state. The free-induction decays
associated with each pulse in the sequence of two r/2 pulses as well as the echo are probed
by spin-flip Raman scattering at 4880 A.

A powerful tool for studying the microscopic or
irreversible phase memory time of any two-level
system is the class of well-known spin' and pho-
ton echo experiments. ' Since it has been demon-
strated very early that coherent states can be
prepared by stimulated Haman scattering or two-
wave mixing, ' it is to be concluded that an echo
signal can be generated by either of these proc-
esses and is called a Raman echo. ' However,
while various other coherent phenomena involv-
ing two-photon process have recently been dern-
onstrated, ' we report here the first observation
of a Raman echo.

Spontaneous' and stimulated' spin-flip scatter-
ing were first observed in InSb and later in CdS.'
For bvo time-reversed states la) and ib) [see
Fig. 1(a)] split in a magnetic field along z by k&u„
and for cubic symmetry, ' the effective spin-flip
Hamiltonian H+(~) was first given by Yafet as" "

z no '(E~ x E„)()
x exp[i(&ul. —&uR)t —(k~ —kq) r]+c.c, (1)

where E& is the la.ser field and ER the Ba,man
field with angular frequencies ~I. ,R and wave
vectors k&, kR, respectively; 0 are the Pauli ma-
trices; r is the position vector of the impurity in

the crystal; and & is related to the spontaneous
differential Raman cross section do/dQ by" dv/
dQ =4!n I2(&u~ +&a„)'~~/c'. n becomes very large
when ~~1. is near-resonant to an excited state,
which is the exciton bound to a neutral donor in
our case. ' Since in Eq. (1), n(E~ x Eq) exp[i(vz,
—~R)t] acts as an effective resonant rf magnetic
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FIG. 1. (a) Energy levels in a Raman echo experi-
ment. The excited state here is an exciton bound to a
neutral donor. (b) The excitation pulse sequence of the
dye laser. (c) The argon probe timing. (d) Expected be-
havior of 4880-A Stokes free-induction Rnd echo signals.
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