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The energy-loss spectra of 25-keV electrons transmitted through thin amorphous Ge
and Si films have been measured in the range of very small energy losses between 25
and 400 meV. The resolution was 4 and 6 meV. The main intensity in the spectra is lo-
cated at low energy and is caused by "defect-induced" two phonon excitation.

In a series of former papers" monoenergetic
fast electrons (25-35 keV primary energy) were
shown to interact strongly with optical phonons
and surface phonons' in ionic crystal films. The
strength of interaction of fast electrons appeared
to be quite similar to that of electromagnetic ra-
diation, which is strongly absorbed by ionic crys-
tals at the frequencies of the transverse optical
vibrations because of the large dipole moment
connected with the vibrating lattice.

In the present paper the interaction of elec-
trons with thin films of amorphous germanium
and silicon is investigated. Since these targets
consist of atoms of the same sort, light can cou-
ple with lattice vibrations only via transition mo-
ments of higher orders, and weak absorption due
to two-phonon excitation is observed instead.
For example, the maximum absorption coeffi-
cient of LiF is K = 40 000 cm ' which is to be
compared with K=30 cm ' in the two-phonon re-
gion of Ge.' Two-phonon excitations by fast elec-
trons, therefore, are expected to be very weak,
and energy losses corresponding to these pro-
cesses would be observed only under great di ffi-
culties. Fortunately, as it turned out, these dif-
ficulties were not that serious because the inten-
sity of the corresponding energy losses can be
enhanced to a certain extent by the distorted
structure of the films.

The highly resolved electron energy-loss spec-
tra of Ge and Si (Figs. 1 and 2) were obtained by
means of a Wien filter spectrometer. ' The ener-
gy of the electrons was 25 keV, the energy reso-

lution 4 and 6 meV. The self-supporting films
(thickness between 150 and 650 A) have been pre-
pared by evaporation on to a freshly cleaved
NaC1 crystal. Electron diffraction shows the
amorphous structure of the films. During hand-
ling the films were exposed to open air so that
some oxidation of the films occurs.

The intensity of the energy losses within the
phonon region (indicated in Figs. 1 and 2) de-
pends on the conditions during the preparation of
the film, that is on the residual gas pressure
and on the rate of evaporation, if the pressure is
not too low. The phonon intensity increases with
decreasing rate of evaporation and with increas-
ing pressure. The same behavior is found for
the electric resistance p, of the films. ' One rea-
son for this dependence is that during the evapor-
ation the material is contaminated by residual
gas atoms, mainly oxygen. Secondly, the micro-
structure of the films will depend on the condi-
tions during evaporation, in the sense that the
distortion of the Ge tetrahedra, their mutual or-
der, and the density of voids vary. Hence it is
concluded that the noticeable increase in intensity
of the two-phonon energy losses is due to "defect-
induced" two-phonon excitation. This effect is
quite analogous to defect-induced one-phonon ex-
citation discussed by Dawber and Elliot. ' Accord-
ingly the two-phonon intensity is particularly
weak for the films evaporated in ultrahigh vacu-
um or for heat-treated polycrystalline films.
Simultaneously the underlying background con-
tinuum indicated in Fig. 1 increases. The posi-
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PIG. 1, Energy-loss spectlUm of germaniom, Thick-
ness of the film 250 A, p~=2, 5&&10 0 cm; primary
electron energy 25 keV, and scattering angle 9 & 1,1
~10 '.

tion of the energy-loss peaks in the two-phonon
region agrees very closely with the maxima of
the two-phonon density of states' of the bulk me-
dia (see Table I).

In order to estimate the contribution of surface
modes and bulk modes to the electron intensity
within the energy-loss spectra, the dielectric
theory of inelastic electron scattering in thin sol-
id films (see, for example, Geiger" ) has been
applied to obtain a theoretical energy-loss spec-
trum. The complex dielectric constant which is
required for evaluating the scattering formula
was derived from optical measurements. ' In do-
ing so a constant value of the real part of the di-
electric constant" e, (Ge) =16 and e, (Si) =14.4 was
assumed~ which ls ]ustlfled ln the case of weak
absorption (KX/4«&1). The calculation leads to
the following results: The shape of the energy-
loss spectrum ls essentially determined by the
spectral behavior of the imaginary part of the di-
electric constant, e,. The reason for this is that
e, is approximately constant and c,«e, . The
shape of the spectrum is the same for bulk modes
and for surface modes. In the range of film
thicknesses investigated the main contribution to
the electron intensity of the spectra in Figs. I and
2 comes from excitation of surface modes. The
electron intensity due to bulk modes amounts to
10% and less.

From a different point of view, which is based
on the incoherent neutron-scattering cross sec-
tion, De%ames and Hall" have pointed out that
the shape of an electron energy-loss spectrum is
closely related to the phonon density of states.
This result is in remarkably good agreement with
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FIG. 2. Energy-loss spectrum of sili.con. Thickness
of the film 200 ~, p, =1.5&108 0 cm; primary electron
energy 25 keV, and scattering angle «1.1& 10 ~.

our experiment (Table I). The theory neglects
surface effects. In the present case, however,
as has been shown before, the spectral behavior
of the surface and bulk modes is identical.

The experimental results presented here do not
contradict Ibach's work" on energy losses of low-
energy electrons reflected from silicon single-
crystal surfaces. In these measurements only a
single energy loss at 55 meV has been found.
The numerous losses listed in Table I, which re-
flect the two-phonon density of states, could be
observed in our measurement because the struc-
ture of the film was highly distorted.

Several energy losses in Figs. 1 and 2 must be
interpreted as due to Ge-0 and Si-0 vibrations.
They are located at 100 and 135 meV in the Ge
spectrum and at 49 and 128 meV for the Si spec-
trum; the latter values are consistent with the re-

TABLE I. Energy losses E (averaged) and maxima
of the t%0-phonon density of states EI b of gelmanlom
and silicon, in. meV.

40
49b
58
66
76
86
96

104
118
12S'

See Ref. 9.
Mixed vrith and covered by Si-0 vibration peaks.

302



VOLUME 28, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JANUARY 1972

suits in Ref. 13.
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Left-right asymmetry is expected in the scattering of electrons by magnetic impurities
in metals; we present a simple calculation of the asymmetry in a virtual-bound-state
model. When a magnetic field lines up the impurity moments, this left-right asymme-
try should generate an extraordinary Hall effect proportional to the impurity concentra-
tion. This effect appears to occur in many magnetic alloys (e.g. , Ni-, Cu-, and Au-
based alloys) .

It has been known' for a long time that the scat-
tering of fast (few MeV) spin-poIarized electrons
by nuclei exhibits a left-right asymmetry which
is induced by spin-orbit coupling. When the scat-
tering potential depends on the spin only through
the spin-orbit term, the asymmetry becomes in-
verted for electrons of opposite spin; and so, for
unpolarized electrons, the effect of the electrons
with opposite spin balances the asymmetry. On

the other hand, this balance cannot occur and an
asymmetry remains when the scattering potential—even without the spin-orbit term~s different
for each spin direction. This is the case for the
potential of magnetic impurities in a metal. We
shall show that resonant scattering on magnetic-
impurity levels may exhibit an observable asym-
metry when the spin-orbit coupling is not much
smaller than the width of the impurity virtual
bound state. This left-right asymmetry should
generate a Hall effect: Smit, ' Luttinger, ' and Kon-
dorskii, Cheremushkina, and Kurbaniyazov have
already predicted this contribution proportional

to the impurity concentration~o the extraordi:
nary Hall effect of ferromagnetics.

First, we will give a simple calculation of the
asymmetry in a virtual-bound-state model of the
scattering magnetic impurity. We consider an
impurity having only a spin moment, like Mn or
Fe in Au. %'e assume also that the impurity is
placed in a magnetic field strong enough to pre-
vent scattering through spin-flip of the impurity
moment (pH» k T) or Kondo scat tering (pJI» k T„)
so a Hartree-Fock approximation can be used to
describe the impurity scattering; in the Friedel-
Anderson model ' we have then to consider spin-
up and spin-down virtual bound states (vbs) in the
conduction band near the Fermi level (see Fig. 1;
we assume for simplicity that we deal only with
d vbs).

In the usual Friedel-Anderson picture, the
spin-orbit coupling is neglected (and the crystal
field also) and the scattering of a free conduction
electron with spin a and energy E is mainly de-
termined by the only phase shift of the l =2 par-
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