
chanism but is satisfactorily interpreted in terms of the
electron heating process. Some of these experiments
have led to very promising practical applications.

The idea of inelastic tunneling of hot electrons, or
their inelastic reflection from the potential barriers on
the islands, also suggests that electron emission should
be accompanied by cold luminescence from the islands.
This effect has, in fact, been observed. If this is so, it
should also be observed during the generation of hot
electrons under the electron bombardment of any metal
target, both film and bulk. This phenomenon has also
been observed and is being investigated. In the case of
bismuth, for example, a correlation has been found be-
tween the emission spectra obtained by passing a cur-
rent through an island film and when the film is bom-
barded by electrons.

The emission spectrum produced by bombarding cop-
per has been found to contain a well-defined maximum

Y. G. Ptushinskii, A. G. Naumovets, and O. A.
Panchenko, Electron-Adsorption Phenomena on the Sur-

face of Metal Single Crystals. Physics of surfaces is
one of the most intensively developing branches of solid-
state physics. It provides the scientific basis for such
important areas of technology as catalysis, protection
of metals against corrosion, electronics, vacuum tech-
niques, and so on.

The development of ultrahigh-vacuum technology and
of a complex of powerful experimental techniques has
provided the means whereby experiments can now be
carried out with atomically pure surfaces and accurate
information can be obtained on the atomic and energy
structure of surfaces and their chemical composition.

This paper is based on a series of experiments at the
Physics Institute of the Ukrainian Academy of Sciences.
Physical properties of the surfaces of high-melting sin-
gle crystals of metals, both atomically pure and coated
with controlled submonolayer films, were investigated.
The experiments were carried out in a vacuum of 10'11

Torr at surface temperatures between 5 and 2500 °K.

Submonolayer (i. e., "thinner" than the monolayer)
films of strontium on single crystals of tungsten and
molybdenum were used to obtain data on the structure
and phase transitions in quasi-two-dimensional crystals.
The structure of the surface and of the films was ex-
amined by the low-energy electron diffraction method.

Analysis of the observed structures has led to the
conclusion that, on the close-packed (110) plane of tung-
sten and molybdenum, the dipole-dipole repulsive in-
teraction between the adsorbed strontium atoms (ad-
atoms) is the predominant interaction. Nevertheless,
certain differences between the structures of strontium
films on similar tungsten and molybdenum surfaces in-

which corresponds to an equally sharp maximum on the
curve representing the distribution of the density of
electron states. It reflects the density of states at 2 eV
below the Fermi level. This result shows that studies
of the emission produced by the bombarded metals can
serve as an additional source of information on the elec-
tron energy structure of solids.

Electron bombardment has also been found to produce
radiation connected with the radiative decay of collective
plasma excited states. When the islands are very small,
a size-dependent shift of the plasma resonance has been
found to take place toward shorter wavelengths.

Size-dependent changes in band structure have been
investigated in gold. When the island size is sufficiently
reduced, the s band begins to "disintegrate" and be-
comes insignificant for islands consisting of a few tens
of atoms. The d band remains stable under these con-
ditions.

dicate that another type of force may play an important
role, namely, the indirect interaction between the ad-
atoms through the electron gas in the substrate. This
type of interaction is particularly well defined in the
case of adsorption on the (112) plane with anisotropic
structure.

Order-disorder transitions have also been investigated
for adsorbed films, and a qualitative difference has been
found between the behavior of films that were matched
and unmatched to the substrate. The former films be-
come disordered in a narrow temperature band and the
latter in a broad temperature band. We see this as a
confirmation of the theoretical prediction that matched
films have true long-range order whereas unmatched
films exhibit only short-range order which is gradually
reduced as the temperature increases.

The second group of experiments was concerned with
the scattering of conduction electrons by the surface of
a single crystal of tungsten (and molybdenum), both
atomically pure and covered by submonolayer films.
Scattering data were obtained by measuring the static
skin effect and by examining the Sondheimer oscilla-
tions. It was found that the atomically pure (110) sur-
face scattered the conduction electrons almost specu-
larly, whereas the (100) surface produced practically
diffuse reflection. The latter is explained by electron-
hole transfers on the surface (this is a consequence of
the anisotropy of the Fermi surface). Deposition of
submonolayer films results in a deterioration in the
specular properties of the surface, and the degree of
this deterioration depends both on the nature of the de-
posited atoms and on the degree of order in the film.

Observations on Sondheimer oscillations can be used
to obtain information on the scattering of a particular
group of electrons by the surface.

I. A. Abroyan, V. V. Korablev, Ν. Ν. Petrov, and
A. I. Titov, Secondary-Emission Methods of Investigat-
ing the Structure and Composition of the Surface Layers

of Solids. Comprehensive systematic analysis of the
surfaces of solids and of their surface layers (element
composition, structure, electron properties, and so on)
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have recently attracted enormous attention. m This pa-
per reports a review of work carried out in the Depart-
ment of Physical Electronics of the M. I. Kalinin Poly-
technic Institute in Leningrad. In addition to the tradi-
tional approach to the problem (Auger electron spec-
troscopy, diffraction of slow electrons, and so on),
these problems are being tackled by techniques based on
new methods and on physical processes that have not as
yet been used as a matter of routine in other labora-
tories.

1. Method of studying the structure of the surface
layer, based on the variation of the coefficient of in-
elastic reflection of electrons (77) with the orientation of
the primary beam relative to the single crystal.

Experimental studies are being carried out of the de-
pendence of 77 on the angle of incidence θ or the azi-
muthal angle ψ, and of the so-called electron channeling
or pseudo-Kikuchi imaging (with the aid of a scanning
electron microscope).

The functions η(θ, φ) are not monotonic for single
crystals. The topology of the 7?(θ, φ) surface is related
to the ordered disposition of atoms in the crystal lattice,
and can be explained in terms of the dynamic theory of
diffraction. Changes in the structure of irradiated spec-
imens should, of course, lead to a smoothing of this
topology, and can be used as a control on the structure
of surface layers.C2: l By varying the primary-electron
energy, it is possible to vary the sensitivity of the meth-
od and the thickness of the surface layer under explora-
tion. The following practical applications of this method
have been developed:

a) Measurement of the thickness of unordered films
of known composition (between a fraction of one and se-
veral hundred monoatomic layers) on the surface of sin-
gle crystals, independently of the composition and the
physical properties of the deposited material.C 3 ]

b) Measurement of the parameters of disordered re-
gions produced under ion bombardment (mean area of
transverse cross section and depth, and the degree of
damage to the crystal structure). A series of experi-
ments has been carried out on the defect implantation
efficiency in the case of germanium bombarded by inert-
gas ions for different energies, type of ion, ion-current
density, and target temperature (see, for example,
Abroyan et al.C4]).

c) Studies of the distribution in depth of structural
damage produced during ion implantation, in which the
above method is combined with the successive removal
of layers of known thickness from the surface of the
semiconductor. This technique is being used to investi-
gate profiles of radiation-defect distributions in silicon
under ion implantation (see, for example, Abroyan et
al.™).

2. The scanning electron-beam method of investigat-
ing the work function etp,C61 which produces information
about the distribution of local e<p over the surface of
specimens on the screen of a kinescope and records the
relative distribution e<pd&/d(e<p) =/(e<p) on a strip-chart
recorder. [The ordinate of the resulting, f(ecp) curve is

proportional at each point to the area S of a region with
a particular value of the work function. ] A narrow fo-
cused beam of electrons is used to scan the target sur-
face with electron energies approaching zero. Other
things being equal, the current between the cathode and
the chosen point on the target surface is determined by
the contact potential difference, i. e., the local work
function at the particular point.

The method can be recommended for studying the fol-
lowing processes:

a) adsorption and desorption of foreign atoms on metal
and semiconductor surfaces;

b) diffusion and migration of individual components in
metal compounds and alloys;

c) recrystallization in metal specimens during ther-
mal treatment and various types of deformation.

3. Auger ion spectroscopy.C7: The ejection of inner-
shell electrons under ion bombardment occurs not as a
result of Coulomb excitation, as in the case of electron
bombardment, but through an exchange mechanism (a
peculiar charge transfer process) which depends on the
individual properties of the partners participating in the
encounter. Auger ion spectroscopy can be used to detect
the presence of certain elements on the surface with
greater efficiency than under electron bombardment.
For example, helium-ion bombardment can be used to
detect oxygen atoms and argon-ion bombardment to de-
tect sulfur. The combined utilization of the above sec-
ondary-emission techniques opens up great possibilities
for obtaining detailed information about the properties
of the material at any given point on the specimen sur-
face. The element composition of the surface at a given
point can be examined by analyzing the energy spectrum
of Auger electrons,W ] whereas the state of the crystal
structure can be deduced from electron channeling pat-
terns. m
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V. A. Krat, New Ideas on the Solar Photosphere
Based on Stratospheric Investigations. The results re-
ported in this paper were obtained in the course of the
processing of observational data recorded by the large
Soviet Stratospheric Solar Observatory (SSO) between
1970 and 1973. The processing involved digital photom-
etry, holographic methods, and mathematical theory of
bursts.

Among the facts relating to the solar atmosphere that
were established in this work, we particularly note the
following.

1. The two-component nature of the solar granulation
field (bright isolated granules and dark network). The
granules can be seen right up to the solar limb. The
continuity of the network is already lost for angles θ
= 60° between the line of sight and the normal to the sur-
face. For 0>7O°, the network vanishes altogether.
This means that, on average, the network is located in
the photosphere at 100-200 km below the granules.

2. There is no morphologically continuous transition
from granules to network. There are practically no
granules of brightness lower than the mean brightness
of the photosphere.

3. The granules and the grid are sharply delineated.
There is practically no case of continuous dissipation of
structures. The network closes morphologically on
spots, pores, and embryonic pores (porules).

4. The motions of the photospheric elements take
place at different angles to the mean surface of the pho-
tosphere. Their amplitude reaches up to ± 2.0 km/sec.

5. The granule-network temperature differences
reach up to 1000°.

6. There is considerable brightness dissipation in
the pores and minor sunspots. The pore brightness can
undergo very considerable variation with time, includ-
ing the total disappearance of a pore against the photo-
spheric background.

7. The spot umbras and penumbras contain bright
granule-like formations in the form of deep bright facu-
lar granules whose brightness is frequently greater than
the mean brightness of the photosphere. Some are very
persistent and can be seen for several hours (2-3 h).

8. The so-called bright rings around spots are groups
of individual bright facular granules. As a rule, the
same facular granules surround all the pores.

9. The horizontal displacement of the individual ele-
ments in the spot penumbra can be of the order of 10
km/sec.

10. Elements of the chromosphere are several times
wider in cross section than photospheric elements.

11. In only 30% of all cases do dark and bright fila-
ments exhibit an expansion with increasing distance

from the spot nucleus with a gradient of the order of 100
m per kilometer.

The above facts can only be explained in terms of the
electromagnetic picture of the structure of the solar
atmosphere. Inclined motion and high temperature gra-
dients must involve magnetic fields H>100 G if the pic-
ture is to be stable (if only for a few minutes). For
magnetic fields Η lower by an order of magnitude, which
have so far been assumed for the photosphere on the
basis of terrestrial observations with solar magneto-
graphs, the influence of the magnetic field on the atmo-
spheric plasma would not be appreciable. Since the dark
photospheric network is morphologically connected with
sunspots, and is the most clearly defined formation, the
enhanced magnetic field must be ascribed to the network.
If this is so, this magnetic field will be practically un-
observable from the earth or, more precisely, it will
be concealed in the resultant image of the granules and
the network. Moreover, if an azimuthal field is pres-
ent in the network filaments, then depolarization in
spectral line profiles is unavoidable, and the longitudi-
nal component of the magnetic field will be nearly zero.

The expansion of atmospheric formations between the
photosphere and chromosphere is explained by the mag-
netic pressure within the object (arc, loop, jet) in a
rapidly falling pressure in the chromosphere. The ab-
sence of expansion in most of the filaments in sunspot
penumbra suggests that they rise upward and remain
purely photospheric formations (most likely, the apices
of magnetic arcs).

The strong magnetic field Η in the photospheric net-
work can be the reason for its lower temperature. Since
the mean cross-sectional diameter of the network fila-
ments varies between 200 and 600 km, most of the fila-
ment should lie within the convective zone (in any of the
existing models). The operative mechanism is then a
temperature drop due to the suppression of convection
in the same way as it is thought to operate in sunspots.

It is important to note that this suppression of convec-
tion is impossible for H~ 10 G. The darkening of the
network can occur only for H>100 G.

The faculae are generally stable formations that ap-
pear suddenly (if we are concerned with individual gran-
ules) and vanish equally suddenly (over a few minutes
or even a few tens of seconds). They appear at different
levels in the photosphere and are genetically related to
sunspots and pores. Only one explanation has been put
forward for their emission, namely, the emergence of
hydromagnetic waves from subphotospheric layers for

G.

The sun should not be regarded as a star with a low
magnetic field. Its magnetic field is, in fact, compara-
ble with stellar magnetic fields, but it has a fine struc-
ture which leads to an apparently low Η in the flux of ra-
diation averaged over the entire sun.
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