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The current state of studies of solid surfaces by EPR is reviewed. The methodological problems of
theory and experiment that are specific or important for studying surfaces are examined.
Concrete results are presented for most studied substances. Comparison of the levels of study of
paramagnetic centers in the bulk and at the surface has shown that studies lag substantially in the
latter case in comparison with the former. The reasons for this situation are analyzed and

pathways for further studies are discussed.

1.INTRODUCTION

In recent years interest has grown in studying solid sur-
faces. A detailed exposition and explanation of this fact is
contained in a series of publications, including mono-
graphs,'™ reviews,” and articles of programmatic® and
popular’ type. Yet in brief the fundamental reasons for the
situation that has developed are: the development of a
unique apparatus and high level of study of bulk properties
have logically posed the question of using this baggage to
study more complex systems, in particular, surfaces; the
view of the surface as a special phase of matter from which
we can expect a number of new phenomena; the important
role of the surface in contemporary applied developments, in
instrument design, adsorption and catalytic phenomena,
mechanochemistry, and biomedicine.

One of the effective methods of studying a solid is elec-
tron paramagnetic resonance (EPR) and its associated
methodology. The most substantial feature of the method is
the possibility of determining the detailed structure (the na-
ture) of a paramagnetic center (PC). These data can be cho-
sen as a touchstone to estimate and compare the level of
study of different substances (including their surfaces). In
this regard we shall briefly discuss the achievements of the
EPR method in bulk properties. On this background we
shall try to evaluate the situation for the surface. At present
most studies by the EPR method of the bulk of solids end
with deciphering the spectrum and establishing the nature of
the PCs. This has been facilitated by the following factors:
accumulation of a vast experimental material since the dis-
covery by E. K. Zavoiskii in 1944 of the EPR phenome-
non®?: development of the method of the generalized spin
Hamiltonian and the development on its basis of the theory
of the EPR spectrum, which has enabled, apart from an in-
version operation, determining the local symmetry of the
PC'%; application of an external electric field in addition to
the magnetic field, which made it possible to distinguish all
32 point groups of the PC'"'?; application of electron-nu-
clear double resonance (ENDOR) and its varieties, which
enabled establishing the configuration of atoms near a de-
fect'""!3; knowledge of the crystal structure of the bulk,
which enabled adducing x-ray structural data to establish
the site of a defect in the crystal'; the concentration of PCs
in the bulk is usually such that the sensitivity of most radio-
spectrometers relatively easily enables detecting and study-
ing EPR."

At first glance, the surface “formally” differs in no way
from the bulk from the standpoint of study by the methods of
radiospectroscopy. However, the existence of numerous fea-
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tures only inherent in it leads to a qualitatively new situation
that considerably complicates its study. These features are
the following.

a) With a uniform distribution of defects, their concen-
tration at the surface is considerably smaller than in the bulk
(=~N?%3, where N is the concentration in the bulk). More-
over, the optimal filling area for the magnetic component of
the UHF part of the resonator in which the specimen is
placed is S 1 cm?. Therefore the sensitivity of radiospectro-
meters can prove already insufficient for detecting the EPR
signal. This leads to a need for studying finely dispersed sys-
tems in which the total area is considerably larger than for a
whole crystal of equivalent volume (approximately by a fac-
tor of p, where a/p and a are the linear dimensions of a pow-
der granule and of the original crystal, respectively). How-
ever, the use of powders qualitatively alters the EPR
spectrum: instead of the angular distribution of a single nar-
row line inherent in a PC in a monocrystal, the orientational-
ly broadened envelope of the line arises, as is inherent in a
randomly oriented PC. Per se the broadening leads to a sup-
plementary loss of sensitivity of the system, but the impor-
tant point is that it is more complicated to extract from such
a summation line the information on the nature of the defect
than from the angular dependence of a single line. In crush-
ing the crystal the danger also arises that the surface of a
granule, owing to possible origin of new defects and to its
infinitesimal dimensions, may not reflect the surface of a
monocrystal.

b) The view of a surface as being an ideal cross section
of the crystal would not correspond to reality. Even if isolat-
ed from the environment, this cross section is not a direct
continuation of the structure of the bulk, but is strongly de-
formed owing to the so-called reconstruction and relaxation
of the juxtasuperficial atoms (or ions).” To study atomically
clean surfaces, all the contemporary methods have been em-
ployed, whereby considerable advances have been obtained
in understanding its structure and properties. Thus it has
been possible from low-energy electron diffraction spectra to
establish the symmetry of the superstructures created by the
rearrangement of the juxtasuperficial atoms. Intensive ap-
plication of tunneling microscopy has begun. In addition, at
present only the corresponding models of the surface struc-
ture are being discussed,'® while data on the arrangement of
atoms near such an ideal surface are lacking. The situation is
even more complicated in the so-called real surface, i.e., a
surface not isolated from the environment (gas, liquid, solid
of differing composition). In the atmosphere many sub-
stances become covered with an oxide layer. This covering
can be altered by the action of thermal, mechanical, chemi-
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cal, and other factors. All the more we do not possess exact
information on the atomic configuration of such a surface, so
that EPR studies on surfaces are actually conducted blindly.

c¢) Strictly speaking, the surface is not two-dimensional,
but amounts to an extended transition layer from the bulk to
another phase of matter (or the vacuum). PCs can be con-
tained throughout this layer. Their characteristics will vary
from bulk to boundary type. Therefore the EPR spectrum
will be broadened in addition, while its decipherment will
require knowing the distribution function of the defects in
the interior of the crystal. Of course, one can extract the
latter from experiment, but then this is a new parameter of
the theory that complicates the analysis of the spectrum.
Under certain conditions, e.g., under the action of ionizing
radiation, a breakdown of the surface close to amorphization
can occur, i.e., loss of long-range order. In this case, along
with the depth distribution of defects, they undergo a defor-
mation that leads to an additional broadening of the spec-
trum and a complication in deciphering it.

d) The properties of the surface, including the magnetic
properties, are very sensitive to both the external conditions
(technique of preparation, elemental composition of the gas
environment and its pressure and temperature) and the in-
ternal conditions (structure of defects in the bulk, their mi-
gration, and temperature of the crystal). This gives rise to
additional problems involving the difficult reproducibility
of the results. Figuratively one can say: “new conditions—
new specimen.”

e) In studying surfaces by the EPR method and the
usual (instrumental) methods are supplemented by the
technological methods. Thus, to distinguish the surface
centers, one etches the specimen layer by layer, while, to
become convinced that the processes are taking place in a
monolayer, one applies gas adsorption to compensate the
effect of unpaired spins or some other agent on a parameter
of the spectrum.

f) One must also overcome a psychological barrier aris-
ing from the fact that the problem lies at the boundary of two
disciplines: physics and chemistry. Adsorption, catalysis,
and other phenomena at the surface determine in many ways
the structure and properties of PCs that arise in it. There-
fore, the establishment of the nature of the latter involves
elucidating the mechanism of all these phenomena, which
unavoidably entails learning a new field of knowledge.

We see already from what we have said that the condi-
tions of study of EPR at a surface are far more complex than
in the bulk. To overcome the difficulties, the old methods
have been refined and new ones developed. Considerable at-
tention has been paid to increasing the sensitivity of the in-
struments, to determining the specific surface of powders
and the concentration of PCs at the surface, to producing
high vacuum, and to developing manipulators for different
procedures under conditions of complete isolation from the
external environment, to cleaning the surfaces, to the tech-
nique of admitting gases at different pressures, to doping the
surface, to low- and high-temperature studies, and to com-
batting contamination of the surface and parasitic signals.

The number of factors that influence the EPR spectrum
of a surface is larger than the corresponding number for the
bulk. Therefore, for describing the results of an experiment
studying the surface, a greater number of characteristics is
required. For better perception of the existing wealth of data
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and of their possible use for further studies and for examin-
ing the mutual influence of the different factors, it is conven-
ient to classify all the data into the following four groups: the
preparation and state of the specimen, the conditions of ob-
servation of the EPR spectrum, the parameters of the spec-
trum (the influence of the angular position of the specimen
and the conditions of observation on them), and the deriv-
able information and conclusions. We list in the first group:
the method of preparation proper (crushing, polishing,
cleavage, film deposition, irradiation); the medium in which
the specimen is produced (vacuum, oxygen, air, and other
gases at definite pressures); the temperature of preparation;
subsequent annealing and etching; cooling rate; method and
type of doping of the bulk and the surface; dimensions of
granules; depth of penetration of radiation. We list in the
second group—the means of observation, i.e., admission of
different gases at a certain pressure; the temperature of the
specimen during measurement; the sensitivity of the instru-
ment and its other features. The third group includes the
spin Hamiltonian (SH) that describes the spectrum and its
parameters; the intensity of lines and concentration of un-
paired spins; the line shape and width; the degree of homo-
geneity of the line; the relaxation time; and the stability of
the signal. The fourth group includes comparison with other
experiments, including EPR data on the bulk, and establish-
ment of correlation with the latter; models of PCs and phe-
nomena associated with them; theory; and microcalcula-
tions. All these problems are reflected in this review to some
extent.

The number of papers studying surfaces by the EPR
method has passed 400. All possible compounds are being
studied, but mainly the simple ones—one- and two-compo-
nent. The greatest number of studies has been devoted to
silicon, germanium, silicon dioxide, and two-layer struc-
tures combining them (Si-Si0,), ZnO, MgO, TiO,, semi-
conductorsofthe A" BY* and 4™ B types, and poroussub-
stances (zeolites and silica gels). The main stress has been
put on identifying surface defects, the kinetics of their accu-
mulation, establishing the correlation between PCs and the
defects responsible for electrophysical, catalytic, and ad-
sorptive properties. Under special doping of the surface with
atoms of other elements (Mn, Cu, etc.) or admission of ad-
sorbed gases (O,, CO, CO,, N,0, etc.) leading to impurity
PCs, the structure of the substrate is studied, and its role in
formation of PCs and their effect on the parameters of the
SH.

Some of these studies are reflected in the monographs of
Refs. 1, 17 and review of articles of Ref. 18. The main stress
in them is put either on studying a certain set of objects, on
studying a concrete phenomenon or on using a certain meth-
od of study. This review aims to give an overall view of the
current state of affairs, of the methods of study and the re-
sults, on the problem that arise, and as much as possible, to
discuss the pathways for further studies. Space restrictions
have not allowed citing all papers, but we hope that the fun-
damental content of the existing papers and their overall
direction are reflected correctly. In reading the article the
outlook of the radiospectroscopists cannot remain unre-
marked—we have endeavored to reveal to what extent such
a unique method as EPR (and the methodology associated
with it) is manifested in studying surfaces as compared with
what it is capable of. The review includes papers up to April
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1989. The sequence of presentation is: Secs. 2—4 treat the
fundamental methodological problems of theory and experi-
ment specific or substantial for studying surfaces by the EPR
method. Then (Secs. 5-11) we present and discuss the con-
crete results of studies of surfaces of different objects. Final-
ly Sec. 12 gives a general summary.

2. THE THEORY OF EPR SPECTRA OF SURFACE
PARAMAGNETIC CENTERS

The overwhelming majority of studies on EPR of solid
surfaces have been performed under conditions in which the
specimens containing PCs amount to disordered systems.
The disorder is manifested in the fact that all or certain pa-
rameters describing the EPR spectrum vary from PC to PC
by some law that reflects the character of the distribution of
PCs in the specimen. Consequently the line positions and
their intensities for different PCs cannot coincide. The resul-
tant line F( H) willamount to a certain envelope, or superpo-
sition of individual lines corresponding to the different PCs.
We can represent it in the form

F(H)y=fI1H —Hy (te)] J (t). 2.1

Here f and J are respectively the line shape and the absorp-
tion intensity of the k th PC, ¢, is the set of parameters of the
SH and of angles characterizing the orientation of the mag-
netic field H, H, is the resonance value of the magnetic field"”
as defined by diagonalizing the SH. If there are many PCs,
we can transform from summation to integration. Let Av; be
the volume element of the variables ¢; in which all the An; of
the PCs have the same value of H, (¢;). Correspondingly we
shall rewrite (2.1) in the form

F(H)= 3 f(H — Hy () (1) b, (2.2)

Here 2£An; = n is the concentration of PCs, or

F(H) =2 (] (H —Hy )] () do. (2.3)

Usually the width of the EPR line of an individual PC proves
to be considerably smaller than the width of the envelope of
the spectrum caused by the spread in the parameters of the
SH. In this case we can replace the function fin Eq. (2.3)
with a § function with sufficient accuracy.

The case is most frequent in which a monocrystal is
converted into a powder to increase the surface, and each
granule along with the PCs contained in it is oriented ran-
domly. Here the angles 6, ¢, and ¥ (e.g., Eulerian angles)
characterizing the local system of coordinates (associated
with the PC) with respect to the main system, usually asso-
ciated with the external fields, serve as the variables of inte-
gration. In this case Eq. (2.3) takes on the form

JT 27% 270
n

F(Hy=— g ( glf(H—— Hy (8, ¢, ¥))J (8, ¢, ¢)sin8do de dy.

&n? |
o n oo

(2.4)

One can find a treatment of the line shape of randomly ori-
ented PCs for different forms of SH, both in the original
literature and in the monograph literature (e.g., Refs. 8, 11,
19, and 20). The initial expression of the type of (2.4) for a
certain form of the function fis usually analyzed numerical-

893 Sov. Phys. Usp. 32 (10), October 1989

(TR FR | e,

ly with a computer. Attempts to obtain preliminarily an ana-
lytic expression for F(H) face fundamental difficulties and
difficulties of technical character involving the unwieldiness
of the calculations. In a number of cases,?!%*° one can elimi-
nate these difficulties. Here we shall take up the simplest,
and also most widespread case so as to illustrate the idea of
the calculation and typical spectra, which will be discussed
in the further treatment. However, we note preliminarily
that, in the absence of electric fields, H, does not depend on
.'! All the studies cited below are distinguished precisely by
this feature. Let the SH have the following form (axial sym-
metry of the PC):

W=3lg ) (H.S.+ H,S,) +gH.S.]. (2.5)

Here H; and S; are respectively the components of the field
intensity H and the spin operator S, g, and g, are the compo-
nents of the g factor, and S is the Bohr magneton. The reso-
nance value of the magnetic field corresponding to (2.5) and
the square of the matrix element (J) of the transition
M—M — 1 under the action of the UHF magnetic compo-
nent (H,;) have the form

hv / gﬂ)
H="—", J= 14+—-]. 2.6
iy C( + p (2.6)

Here we have

g=[g + (g] —gl)cos’0 1",

c=4pB’Higl,
v is the klystron frequency, @ is the angle between the z axis
of PC and the vector H, and M is the quantum number of the
operator S,. Consequently, on the basis of (2.4) we have

/2

F(H)=n05(1+ gg—g”z)f(H —H,(®)sin8dd.  (2.7)

Upon transforming in (2.7) from the variable 6 to the vari-
able H, according to (2.6) and using a § function instead of
/f, we obtain

F(Hy=ncH\H (1 + H*H)

X{H*(H] — H})/(H — BT (2.8)
Here we have H,, = hv/fg,, with H varying within the
range H <H<H, ifg, >g,,and H, <H<H  ifg, > g, [for
other values of H, F (H) =0]. The line shape of (2.8)
amounts to an asymmetric curve, finite and discontinuous at
H = H |, and asymptotically divergingto « at H = H,. The
divergence involves the use of the § function as the individ-
ual form of the PC line, and refiects the behavior of the curve
for very narrow lines f. Actually the curve is smoothed at
both edges, and its contour has a maximum shifted toward
greater fields if g, >g,, and in the opposite direction if
8 <&, The parameters g and g, are determined from the
characteristic boundary points.? In the more general case of
orthorhombic symmetry, in which all the principal values of
the g tensor are not equal to one another, the line shape can
be represented (Fig. 1) as a combination of two curves cor-
responding to the case of axial symmetry. In the presence of
hyperfine interaction (HFI), an additional hyperfine struc-
ture (HFS) appears in the spectrum, which is superposed on
the fundamental line discussed above. One can decide from
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FIG. 1. Form of an absorption line (7) and its derivative (2) in the case of
orthorhombic symmetry. The characteristic three-component spectrum
is exhibited by many surface paramagnetic centers. H, = hv/fg.

the number of HFS lines on the magnitude of the spin /, and
from their arrangement on the parameters of the HFI. The
most general SH that is encountered in studies on EPR of
solid surfaces has the form

W =pS.g.-H+ D S-A-l (2.9)

Here S = 1/2 and A4 is the HFI tensor; the summation is
performed over the close-lying nuclei having a nonzero mag-
netic moment. In certain studies, besides (2.9), an interac-
tion is manifested with the intracrystalline electric field (if
S>1/2), but they as yet are not typical, and we note them in
presenting the concrete material.

3.SPECIMEN PREPARATION
3.1. Atomically clean surface

We understand as atomically clean a solid surface void
of impurities and structural defects.>?' At present several
methods have been developed for preparing such surfaces,
most of which employ annealing in a superhigh vacuum
(better than 107° Torr). They include: 1) Cleaning the sur-
face by heating in a superhigh vacuum (SHV). The most
substantial defects are: nonuniversality of the method, segre-
gation at the surface of impurities dissolved in the bulk, and
breakdown of stoichiometry. 2) Reduction of the surface in
a suitable atmosphere. This method employs reduction of
surface oxides upon annealing in an atmosphere of hydrogen
and carbon monoxide. Here the working temperatures are
lower than in method 1), but other defects arise: solution of
hydrogen in the material, impossibility of cleaning of atoms
that do not form volatile compounds with H, or CO. 3)
Cleavage in an UHV or in a neutral medium. This method,
based on the existence of planes of cleavage in a number of
crystals, lacks the defects of the first two methods, but is
limited by the impossibility of obtaining a surface with an
arbitrary orientation with respect to the crystallographic
axes; moreover, cleavage is accompanied by formation of
steps on the cleavage surface whose number depends on the
purity and degree of perfection of the crystal. 4) The method
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of epitaxial growth under UHV conditions; it yields good
results and is promising for creating interphase surfaces. 5)
The method of ion bombardment with annealing. The meth-
od is based on the ejection of atoms lying on the surface by
ions of inert gases and annealing, which is necessary to liqui-
date the structural defects caused by the bombardment. The
method allows one to remove material layer by layer and
perform a chemical analysis of it. Its fundamental defects
include diffusion of impurities from the bulk during anneal-
ing, as well as the increased microrelief of the surface owing
to the dependence of the rate of ejection on the orientation of
the crystal planes with respect to the direction of the beam of
bombarding ions.

3.2. Comminution of specimens

To obtain powdered specimens, one must not only frag-
ment the crystal and create granules of the needed dimen-
sions, but also, depending on the purposes of the experiment,
solve a number of supplementary problems. First of all is the
maintenance of the purity of the surface upon comminuting
the specimen and the transfer of it, now as a powder, into the
instrument for measurements. It is also important to reduce
to a minimum the damage to the surface upon crushing. Var-
ous devices'” have been developed to attain these goals: vi-
bromills, glass hammers, vacuum mechanical manipulators
for removing chips. The powder of a brittle material is pre-
pared by ““scraping.” The method is simple and is reduced to
breaking off of granules without additional mechanical ac-
tions (as in a mortar or mill); it is also convenient for dosing
a prepared powder. More complex devices??~2* enable one to
cleave off layers of a crystal in an UHYV at room temperature
and at low temperature ( =20 K), both directly in the reso-
nator of an EPR spectrometer and with subsequent trans-
port to the resonator.

3.3. Adsorption and desorption

These processes play an important role in doping a sur-
face and cleaning it. They are the basis of the methods of the
paramagnetic probe and the identification of surface PCs.
Adsorption of gases®® is widely employed. They either form
PCs themselves, or they act on ones already existing on the
surface. One applies also deposition of impurities from solu-
tions**212627 o by vacuum sputtering.?"® To observe ERP,
the impurity must be paramagnetic. That is, after deposition
on the surface it should have a quite definite charge state. An
important factor also is its distribution on the surface, since
coagulation of PCs leads to disappearance of the signal. The
attainment of these conditions faces great difficulties, espe-
cially in obtaining isolated PCs from electrolytes.’®?¢?” The
charge state of an impurity can be altered by choosing the
composition of the electrolyte.?® Yet the character of its dis-
tribution depends strongly on the state (ionic or atomic) in
which it is deposited: atomic adsorbates manifest a great ten-
dency to cluster formation.?! In the doping of a surface with
paramagnetic particles from solutions, other impurities con-
tained in the solutions as contaminants can be adsorbed.
Studies have shown that, even when. they are present in mi-
croamounts (10~7-107°%), the adsorption of each impuri-

-ty can reach 10'*-10"° at /cm?, which is close to a mono-

layer. This imposes high requirements on the purity of the
reagents and can lead to the need of additional purification
of the surface of undesired adsorbates. A number of methods
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has been developed for desorption of impurities.”' Yet we
note only that the methods of removing most metallic im-
purities from the surface of silicon and germanium are based
on using acids and complexing agents. Good results are ob-
tained by using films with a desorbing composition. Thus,
for desorption from the surface of silicon or impurities of
different metals (Cu, Ag, Hg, Au, Zn, Fe), a complexing
agent has been applied® in combination with a film-forming
polymeric material. After drying off the solvent, the film was
removed from the surfaces along with the adsorbate, which
was almost fully removed.

3.4. Surface purity monitoring

Most of the monitoring methods are based on applying
various probe particles®*: electrons—in ionization electron
spectroscopy, electron Auger spectroscopy, and x-ray spec-
troscopy; photons—in the method of photoelectron spectros-
copy; ions—in the method of secondary-ion mass spectrosco-
py; phonons—in the method using surface elastic waves.
Application of these methods enables one to probe the sur-
face to a depth of 5-30 A, and to conduct layer-by-layer
analysis of the material of the surface. The detecting power
of the most sensitive methods reaches 10~°-1073 of a mono-
layer. In many cases the surface being monitored remains
undisturbed. In addition to the methods cited, to detect and
analyze impurities existing at the surface, one can use chemi-
cal methods, ellipsometry, optical spectral analysis, radioac-
tive isotopes, and electron and tunneling microscopy. As
will be seen from the presentation below, the EPR method is
effective for monitoring. In particular, it has been possible to
use it to detect contamination of surfaces arising from the
vapor of the oil of the vacuum pumps and from diffusion of
impurities from the bulk upon annealing.

4. EXPERIMENTAL TECHNIQUE
4.1. EPR spectrometers and their sensitivity

The small amount of the PCs at the surface increases the
demands on the sensitivity of the EPR spectrometers. Since
the concentration of atoms at the surface of solids is of the
order of 10" ¢cm 2, to study isolated PCs, the concentration
of the latter should be two or three orders of magnitude
smaller. This implies that, with an area of the specimen ~ 1
cm?, the detecting power of the EPR spectrometer for obser-
vation of lines of width 10 G should be ~ 10'° spins. The best
contemporary EPR spectrometers have the appropriate sen-
sitivity and can be successfully applied to study surface PCs.
Combination of the spectrometers with such instruments as
perfected synchronous detectors®® and signal storage units
can further enhance the sensitivity. Use of storage units is
preferable,'” since they ensure the same averaging of both
the high- and low-frequency noise. Increased sensitivity can
be attained by applying UHF radiation of shorter wave-
length, by cooling the specimen, in a number of cases by
going over to recording the dispersion,”” and by using maser
or parametric amplifiers in the input circuits of the spectro-
meters.'® The problem of attaining high sensitivity becomes
especially sharp when, in studying the angular dependences
of an EPR spectrum one must work with an oriented surface,
and it is impossible in principle to use powders. In this case
one can enhance the signal by using a set of several identical-
ly oriented specimen plates.?!33
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There are also other ways to increase the sensitivity.
They consist in using the so-called spin-dependent effects
that arise in measuring various physical quantities in the
presence of a UHF field and a magnetic field. They include:
1) spin-dependent conductivity, which is manifested in the
form of a resonance variation of the resistance of the speci-
men when the magnetic field passes through its resonance
value**%; 2) spin-dependent recombination (SDR), i.e., a
variation in the rate of recombination of photoexcited carri-
ers, together with a resonance variation in the concentration
of the latter under EPR conditions**’ (one measures SDR
from the dependence of the electric losses of UHF power in
the resonator); 3) spin-dependent thermoemission of elec-
trons from deep levels,*® which is manifested in a resonance
variation of the capacitance-spectroscopy signal (DLTS)?°
caused by EPR; 4) resonance variation of the Faraday rota-
tion of the plane of polarization of laser radiation*° and other
resonance magnetooptical phenomena that serve as the basis
of contemporary optical methods of detecting EPR. The list-
ed methods enable one to increase the sensitivity of appara-
tus by a factor of 50-100 as compared with ordinary EPR.

4.2. Vacuum technique

One usually uses UHV to preserve the atomically clean
surface. Estimates of the required degree of high vacuum
show? that, to maintain the cleanness of the surface at the
level of 0.1% of a monolayer for ten hours at room tempera-
ture and with an attachment coefficient of the residual gases
equal to unity, one needs a vacuum of the order of 10"
Torr. However, the low partial pressure of most of the resid-
ual atmospheric gases and the low adsorptive power of many
materials reduce this limit to 10~ '° Torr. Such a degree of
vacuum can be obtained by using ion-sorption pumps. A
typical block diagram of an apparatus includes a specimen
chamber heated to 400 °C, an ion-sorption pump, a zeolite
sorption forevacuum pump, and a system of valves. A merit
of such a system is the absence of oil pumps, which are an
additional source of contamination of the specimen. Yet oil
diffusion pumps are applied rather broadly, both in instru-
ments for obtaining atomically clean surfaces and in appara-
tus for admitting gases and annealing specimens.?*>* In this
regard, measures have been developed for preventing the oil
vapors of these pumps from reaching the surface.

4.3. Temperature technique

Instruments have been developed’>*' to study EPR
over a broad temperature range. They can be classified into
two fundamental types: 1) The studied specimen lies in a
resonator having the same temperature as it has; 2) The
specimen lies in a jet of admitted gas having the given tem-
perature, while the resonator is thermally insulated from the
specimen. These instruments are also used to study the sur-
face at different temperatures. The specifics of the latter is
manifested in a need for isolating it from the surrounding
environment and observing measures of caution against side
temperature effects (diffusion, adsorption, desorption).

4.4. Admission of gases

The necessity of admitting gases arises in the process of
studying PCs on a surface. If high demands are imposed on
their purity and dosage, diffusion-type flow regulators or
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chemical reactions are used. Thus, e.g., in Refs. 42 and 43
oxygen was admitted into the measuring system through a
silver diffusion flow regulator; in Ref. 44 oxygen was ob-
tained by thermal decomposition of Cu,0 and water vapor
by reduction of CuO in hydrogen, while hydrogen was ad-
mitted by using a palladium flow regulator. In simpler appa-
ratus gases are admitted through special valves®'*> or
through the main pumping system.**** To choose the opti-
mal admission system, one must allow for the attachment
coefficient of the contaminating gases.

4.5. Determination of the area of the surface

A number of methods have been developed for measur-
ing the area of the surface,* among which the most universal
and commonly used is the method of Brunauer, Emmet, and
Teller (BET). The idea on which it is based consists in em-
ploying gas adsorption. Various methods are known of ex-
perimental realization of this idea.?>*® The essence of the
method consists in determining the number of molecules ¥
of a gas required for continuous covering of the surface to be
measured with a monomolecular adsorbed layer; then the
area will be No, where o is the known area covered by a
single molecule. The BET method has a number of advan-
tages over the others: the relative simplicity of the experi-
mental technique, the universality, the high accuracy (about
20% ). Moreover, the adsorption of the usually applied inert
gases does not affect the surface after measurement.

4.6. Determination of the surface concentration of spins

In finding the surface density of spins by the EPR meth-
od, one determines the number of spins over the entire sur-
face of the specimen and measures its area. Measurement of
the total number of spins is performed by comparing the
EPR spectrum of the studied specimen with the spectrum of
a standard whose number of spins is known.'>*” Here it is
desirable to put the test and calibration specimens in the
same resonator for simultaneous determination of the spec-
trum to eliminate the dependence of the result of comparison
on the parameters of the spectrometer. One uses as a stan-
dard various tested materials: DPPH, ruby, MgO: Mn**,
CuSO,'5SH,0. Analysis of the factors that influence the ac-
curacy of measurement of the number of spins using EPR
has shown that the relative error under optimal conditions
amount to 20-30%.*8

5. EPR OF THE SURFACE OF SILICON

We have begun with silicon and devote an entire section
to it because the number of papers devoted to studying its
surface by the EPR method considerably exceeds the num-
ber of studies on any other crystal. With the example of Si,
which we shall discuss in greater detail, we can best under-
stand the problem as a whole, which will facilitate the dis-
cussion of other materials, since many of the approaches to
surface study are identical. It is precisely with silicon that
EPR studies of surfaces began. An EPR line from it was first
discovered fortuitously. The authors of Ref. 49, in studying
the EPR of donors in silicon, observed in passing a single line
with a g factor equal to about 2.006. They noted that the
parameters of this line did not depend on the type of doping,
but its intensity strongly depended on the degree of etching
ofthe surface. Therefore the authors associated this line with
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the surface, rather than the bulk. Subsequently also other
lines were discovered at the surface, but the fundamental
studies were concentrated on elucidating the nature of the
line with g = 2.0055 (the value of the g factor according to
recent data). Therefore we shall divide the presentation fol-
lowing below in this section into two subsections. The first
will discuss the line with g = 2.0055%, and the second will
discuss the lines of other types. Here and below we shall
adhere mainly to this sequence of presentation of the con-
crete material: first information will be given on the methods
of preparing and processing the surface, as well as the condi-
tions for performing the experiment. Then, in treating the
EPR spectrum, we shall discuss the influence of all these
factors on some given characteristic of it. After this we shall
draw conclusions on the nature of the PCs.

5.1. Theline with g=2.0055
5.1.1. Preparation and state of the specimen

A single EPR line with a g factor equal to 2.0055 arose
under the following methods of treating the surface: polish-
ing, treatment with a sandblasting apparatus,®®*! crushing
the specimen to a powder,’>*’ irradiation of the specimen
with ions**~*° and neutrons,®’ fast cooling of the specimen
after heating,®® creation of an amorphous film,**~"* and cre-
ation of microcracks on the surface.”® Contradictory data
with respect to the EPR line exist for a method of surface
preparation, so important for understanding its nature, as
shearing part of the specimen. According to the data of Refs.
24 and 54, an EPR line exists, but not according to the data
of Ref. 23. The authors of Ref. 23 consider that the signal
observed in Ref. 24 involves a powder that arises upon shear-
ing.

Usually the specimens have been prepared in air at nor-
mal pressure and at room temperature. Yet the need arose in
a number of cases of changing these conditions. Thus, in
certain studies****7%77 the specimens were crushed in gases
of different composition and pressure, and also in vacuo (the
pressure was reduced to 107° — 10~ '° Torr); the crushing
temperature was varied from 1.3 to 700 K.?”77"7% The ef-
fect of annealing was studied in the temperature range 600—
1300 K*4587980 with varying gas composition, pressure, and
annealing time, Much attention was paid to the effect of dop-
ing of the bulk®>>7778! and the surface.®? For this purpose
the type of doping and the concentration of impurities were
varied, oxygen was specially introduced into the bulk in dif-
ferent amounts, while atoms of Au, Ag, and Mn were depos-
ited on the surface. To determine the depth of occurrence of
the PCs, the surface was etched layer by layer.?% The effect
on the EPR line of dimensions of the granules,?*-*%-582 the
size of the grains of diamond dust,*! the depth of penetration
into the bulk of PCs**%%:6%82 4nd implanted ions,**® their
elementary composition,*®-*® and the energy of the ions and
beam intensity have been studied.

5.1.2. Conditions of performing the experiment

The conditions of measurement have been determined
by the temperature and the environment (some particular
gas at a certain pressure) in which the specimen prepared by
the above-described method was placed. The temperture of
observation at which the measurements were performed in
practically all studies was varied from liquid-helium*®77-848*
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to room temperature. Various gases have been used to estab-
lish the degree of activity and location of the PCs (air, O,,
H,, Ar, Kr, CO, CO,, N,, H,0, Cl,, and complex organic
compounds),*>44+3¢8081 whoge pressure was varied from
10=° Torr to atmospheric pressure, Gas admission was
usually alternated with subsequent evacuation or holding in
air. An important factor characterizing the measurements is
the sensitivity of the spectrometer, which in the given experi-
ments reached values of 10'°-2 X 10'! spins/G.*>""

5.1.3. Characteristics of the spectrum

Spin Hamiltonian. All the experiments discussed here
could be described by the following simple spin Hamilto-
nian:

W =gBHS

with S = 1/2 and an isotropic g factor.*’ Remarkably, this
characteristic was not influenced by the methods noted
above of specimen preparation and conditions of performing
the experiment. In magnitude it equals 2.0055 + 0.0002. Ac-
cording to the data of Ref. 67, the scatter in values involves
the different specimens, but there are no indications of any
purposeful variation in the magnitude of the g factor. An
exception is Ref. 61, in which a gradual transition was ob-
served to amorphization upon ion irradiation of silicon. At
first an anisotropic spectrum was observed in it, character-
ized by several components of the g tensor, but with
8., = 2.0055. As the irradiation dose increased, the spec-
trum became isotropic with g = 2.0055.

Line shape. According to the data of most studies, the
line is symmetrical, while close to Lorentzian in shape. An
exception is the report,®” which notes that the line shape is
either intermediate between Lorentzian and Gaussian (if
observed at the frequency 9.3 GHz) or Gaussian (if the fre-
quency is 18.5 GHz). However, no dependence of the line
shape on the frequency of the measurement was observed in
Ref. 58: over the range 9.4-35 GHz the line maintained a
Lorentzian shape. No special studies of the influence of var-
ious factors on the line shape have been performed, although
a change on it has been noted in a number of studies. Thus, a
deviation from a Lorentzian shape has been discovered’* and
discussed®® upon raising the temperature of the specimen
above room temperature, while Ref. 75 indicated a depend-
ence of the shape on the concentration of PCs. It has also
been noted®” that, upon crushing the specimen at 1.3 K, the
line became an ‘‘asymmetric Lorentzian,” but after heating
to 300 K and subsequent cooling again to 1.3 K, the line
became symmetrical. Upon crushing in vacuo or with heavy
doping of the specimen,®' a line more gradual than Lorent-
zian was observed, but on adding oxygen the line again ac-
quired a Lorentzian shape.

Line width.® Most studies of the line width AH yield a
value of 4-7.5 Oe, with a spread determined by the method of
specimen preparation, while within the confines of a given
method AH varies slightly from specimen to specimen.
However, in a number of cases (upon neutron irradiation®’
or upon preparing a silicon film by sputtering®’), the values
of AH reach 15-18 Oe. The possibility is also noted of de-
liberate variation of AH. Thus, it was found® that, upon
gradual etching of the surface or upon doping it with atoms
of Au, Ag, or Mn, AH can vary from 4 to 16 Oe; an increase
in the line width with increasing concentration of PCs,”**®
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55,69,74,88 54,58,67

with temperature,
was noted.

Degree of homogeneity of the line. The number of studies
that have yielded appropriate data is small, and there is no
unity among them: according to the data of Ref. 50, 58, the
line is broadened homogeneously, and according to the data
of Ref. 72 it is inhomogeneous. In Ref. 67 the degree of ho-
mogeneity was associated with the line shape, which varied
as a function of the frequency at which the signal was mea-
sured.

Relaxation time 7. Despite the fact that the number of
studies on the measurement of the relaxation time is already
rather large,3%3:64.67.72.8L.86.88.89 it g a5 yet difficult to com-
pare them with one another and draw definite conclusions.
This involves the fact that not all studies reported on con-
cretely what time was considered (transverse or longitudi-
nal), and how it was measured. Another reason is that r is
very sensitive to the method of specimen preparation and the
conditions of experiment. It was found, e.g., that the relaxa-
tion time decreases with the temperature: according to the
data of Refs. 63 and 88 it varies from 10~2to 10~7 s upon
varying the temperature in the range 4.2-300 K; according
to other data® 7= 107" s, even at 1.25 K. Despite the exist-
ing disagreement, we can assume that at room temperature
r=107°—10""s.

Stability of signal. According to the data of Ref. 67, the
signal does not vanish, at least during one year.

Concentration of spins. Line intensity. Historically it
happened that the unit of measurement of concentration de-
pended on the method of specimen preparation. For cleav-
age, polishing, and other forms of surface processing, and
also for crushing of the crystal, the concentration has been
defined as the number of spins per cm?, since it was assumed
in this case that the PCs lie strictly at the surface (within the
limits of a monolayer). According to the data of most stud-
ies, this quantity is of the order of 10'* spins/cm?, but devia-
tions have been observed, both on the low?* (10'? spins
/cm?) and high** ( =5x 10'* spins/cm?) sides. In the prep-
aration of an amorphous film or upon ion (neutron) bom-
bardment of the specimen, the concentration was measured
as the number of spins per cm* (it was assumed that the PCs
penetrate into the interior of the crystal). According to the
data of Refs. 58, 60, 64, 69, 70, and 85, this quantity is of the
order of 10%° spins/cm®. To compare the concentrations ex-
pressed in different units, we shall take account of the fact
that the depth of penetration of implanted ions®® or the
thickness of the amorphous film?’ is of the order of 200 A.
Then, when n=10% spins/cm? we obtain 2 10'* spins
/cm? for the surface density of the layer being discussed,
which is close to the value given above.” While bearing in
mind the discussion below of PC models, we note that silicon
breaks most easily along the (111) plane. The density of
atoms on this free surface (i.e., the maximum possible den-
sity of unpaired electrons) equals 8 X 10'* atoms/cm?. This
quantity considerably exceeds the surface concentration of
spins according to EPR data.

The concentration of spins is subject in highest degree
to the effect of various factors as compared with other char-
acteristics. Therefore the values of n given above should be
treated as those obtained under ‘“‘normal’’ conditions (usual-
ly at room temperature in air), i.e., without the special ac-
tion of any other factors on the specimen. In studying the
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effect of the latter, one often does not distinguish between
the concepts of “‘concentration” and *‘signal intensity” (J);
it is assumed that these characteristics are proportional to
one another. The most substantial influence on the line in-
tensity is exerted by the following factors: the temperature of
crushing T, the temperature of preliminary annealing
(T..),*° the temperature (T,,) and gaseous environment
during measurement. It was found>”’”’® that, in the range
T.. = 77-700 K, the intensity of the EPR line declines with
increasing T, and, in particular, J,,/J;4~ 100. According
to most of the data, J begins to decline beginning at about
T., = 670K, and by 7,, = 1300 K the line has practically
vanished. As regards the effect of the gaseous environment,
contradictory data exist on oxygen: according to Refs. 44,
55, and 80, addition of oxygen did not affect the intensity
whereas in Refs. 42, 54, 56, and 81 oxygen led to decrease in
J. Hydrogen****5¢ and chlorine®® elevated J, whereas water
vapor*’ decreased it, while the gases Ar, Kr, CO, CO,, and
N, had no effect at all on the line intensity. Also the follow-
ing phenomenon was observed: whenever the line intensity
was altered by the action of gases, subsequent holding in air
or evacuation of the gas partially or completely restored the
initial value of J.#**% The measurements were performed
in the following temperature range: 7,, = 1.25-300 K. In
the papers specially studying the J( T}, ) relationship, a Cu-
rie law was observed (J~1/T,, ). An exception was Ref. 44,
according to which J,, = 100 J;o,. As shown in Ref. 42, the
function J(T,,) depended on preliminary annealing or on
the environment of measurement. Thus, after annealing at
670-870 K or holding in oxygen, the intensity of the signal at
77 K increased only by a factor of two as compared with
T, =300 K.

5.1.4. Correlation with other experiments

Ref. 42 noted a relationship between the temperature of
restructuring the surface, observed at 880 K, and the behav-
ior of the EPR line under the action of oxygen. Namely: at
T < 880 K admission of O, enhances the signal, whereas at
T> 880 K it decreases the signal. It was noted>*>® that the
gases O,, H,, and Cl, strongly affect such macrocharacteris-
tics as the work function, the surface conductivity, and at the
same time they weakly affect the EPR line. On the other
hand, according to the data of Refs. 66, 69, 74, 81, and 85,
there is a direct connection between the PCs and the surface
centers responsible for the electrophysical properties, and
between the disappearance of the EPR line and the appear-
ance of features in the electric conductivity and in the optics.
The behavior was compared*’ of the EPR line and the sur-
face tension upon action on the specimen of various factors,
since one could assume that stresses arise during the me-
chanical processing of the specimens. No correlation was
found.

5.1.5. Models of paramagnetic centers

In proceeding to one of the most interesting and com-
plex problems, to the problem of the nature of the PCs, we
should state that we as yet not only do not know the struc-
ture of the PCs, but are forced to find more precisely their
energy and certain other characteristics. In this regard let us
examine the viewpoint of different authors. We have been
able to single out a series of statements on the nature of the
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PCs. They are systematized below, together with a short sub-
stantiation of them, given in parentheses.

On their location. 1) The PCs lie in a layer ~ 10~ *cm
(disappearance of the signal during etching).’®%2 2) They
can lie at the surface, in cracks, and on particles that arise
during processing of the specimen. (Existence of a maxi-
mum on the curve of the dependence of the intensity of the
EPR line on the size of the grains of diamond dust.)*' 3) The
EPR signal is associated with imperfections of the surface of
the microcrack type. (The signal is extremely weak at a
freshly cleaved surface. Artificial creation of microcracks
elevates the line intensity. The weak influence of gases of the
type of H,, Cl,, and O,. Upon etching AH increases, which
indicates a larger dipole—dipole interaction of PCs in the in-
teriors of cracks.)?*°%7682.83 4y The PCs that arise in pro-
cessing of the surface lie in an amorphous layer, where they
are localized in extended cavities. (There is no EPR at a
freshly cleaved surface. The EPR signal arises from the pow-
der formed during shearing. The similarity of the parameters
of the EPR lines of PCs in amorphous silicon and those
formed in crushing or polishing a specimen. The presence of
cavities—a constituent part of the model of amorphous sili-
con. )23,61.64

On the energy structure and the electrophysical proper-
ties. 1) The levels belonging to the PCs lie in the forbidden
zone deeper than the levels of the shallow donors. They low-
er the Fermi level. The electrons of the PCs are strongly
delocalized. ( The intensity of the line of PCs declines with
increasing concentration of donors. The intensity of the
EPR line of the shallow donors declines upon crushing the
specimen. The homogeneous character of the broadening,
the lack of an allowed HFS from 2°Si.)®”%* 2) The levels
belonging to the PCs lie in the conduction band, the elec-
trons are strongly delocalized, and have a high effective
mass. ( Estimates of the behavior of the wave function from
data on the line width and the g factor.)*>** 3) The PCs
possess two discrete bands of width = 10~*eV. They can act
as acceptors or donors in trapping or releasing electrons.
(Assumption of the correctness of the model of Haneman
(see below). The correlation between the behavior of PCs
and the surface states responsible for the electrophysical
properties of the surface.)®"*' 4) The PC levels lie in the
allowed band, and the electrons of the PCs are rather local-
ized. The PCs and the centers responsible for the electro-
physical properties of the surface differ in nature. (Differing
temperature dependence of the intensity of the EPR line and
the characteristics of the surface states. Independence of the
parameters of the EPR line and the type of doping.)””%%%?

On models of the PCs. Either holes resonate, or local
centers for which the shells are more than half filled with
electrons (2.0055 > the g factor of a free electron.)”®* 2)
Oxygen enters into the composition of a PC, forming a com-
plex of the type SiO, . (Absence of an EPR line in ultrahigh
vacuum; influence of oxygen on the intensity of the EPR
line. The possibility of complete pairing of free bonds at the
surface-double-bonded model. )*+3%% 3) At least two types
of PCs exist. They can be: Si-A centers, amounting to a
Vs + O pair and a Vg + O, complex, where Vg; is a silicon
vacancy. Similar centers also exist in the bulk. (Partial and
complete disappearance of the EPR line at various annealing
temperatures. Correlation between the behavior upon an-
nealing of the line with g=2.0055 and the cited bulk
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centers.)%”7%%* 4) The PCs amount to broken bonds at the
surface.” Here, owing to reconstruction of the latter, two
types of atoms arise. One type contains shells mainly of s
character, their orbitals overlap by 80%, while the atoms
themselves are slightly raised above the “bulk” positions.
The second group of atoms is lowered, the shells are of p
character with complete compensation of spins. (According
to low-energy electron diffraction data, a superstructure is
formed at the surface of silicon with a 2 X1 unit cell. the
density of atoms at the free surface is 8 X 10'* atoms/cm?
while the concentration of PCs is fivefold smaller.)**%* 5)
PCs are based on boundary atoms with broken bonds. The
cause of the localized states is the differing type of surface
defects, whose concentration can reach 1-20% of the total
number of surface atoms. (Data on the surface concentra-
tion of PCs.)7"8%%2 6) The source of the appearance of PCs is
the Anderson localization electrons in microcracks.”® 7)
PCs are clusters of defects. They can be formations of spin-
uncompensated vacancies (VV-centers) of dimensions ~22
A. The interaction between them is dipole—dipole in type.
(Estimates of the line width under the assumption of a di-
pole-dipole character of broadening. The assumption that
dislocations are formed in the mechanical processing of the
specimens, leading to vacancy formation.)**®%7%7% 8) The
PCs in amorphous silicon amount to broken bonds at the
surface of microcrystallites of dimensions 10-15 A that are
disoriented with respect to one another. ( Assumption of the
correctness of the Haneman model.)%%7%72%° 9) The PCs
amount to spin-uncompensated bonds distributed in the
specimen and possessing somewhat differing parameters
(Modeling of the EPR spectrum with a certain choice of
“seed” parameters of the SH and with the assumption of a
random law of their distribution).”*%¢

We see from the presented list that not only do varied
viewpoints exist on the nature and properties of the PCs, but
some of them are diametrically opposite. Yet the fact draws
attention that some models have common features. In this
sense we can distinguish three groups: models based on the
picture of the presence of broken bonds of the boundary
atoms, on the existence in the composition of PCs of oxygen,
and on the possible localization of electrons in cavities in the
juxtasuperficial region.

There are as yet no theoretical studies on the calculation
of the parameters of the SH or other characteristics of the
spectrum. The fundamental reason is the lack of models of
the PCs.” Nevertheless, some microcalculations have been
performed to confirm the presented models. Thus the author
of Ref. 54 proposed the existence of broken bonds and com-
pared the results of calculations by the MO LCAO method
with the line-width data and its g factor, and drew the con-
clusion that the electrons responsible for EPR are strongly
delocalized, lie in the conduction band, and have a large
effective mass. Another study® based on quantum-chemical
methods studied the overlap integral of the orbitals. In par-
ticular, it was shown that the surface orbital can change di-
rection of its lobe to the opposite, and thus ensure a maxi-
mum overlap with other orbitals, together with explaining
the weak activity of the PCs with respect to oxygen. Refer-
ence 94 was conducted on a somewhat different level. It paid
attention to the fact that one cannot explain the EPR data in
the Hartree-Fock approximation, which does not take into
account in an appropriate manner the correlation of the elec-
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trons. Only taking account of this correlation, e.g., within
the framework of the Hubbard model, allows one qualita-
tively to explain the features of behavior of the intensity of
the EPR line.

5.2. Otherlines

Along with the line at g = 2.0055, also other lines are
observed in the surface EPR spectrum if it is subjected to
specific treatment (many-hour annealing, addition of cer-
tain gases, laser irradiation, doping with special impurities ).
The greatest number of studies of this set is devoted to the
line characterized by an isotropic g factor, whose value is
2.0027 4 0.0004. This line usually appears upon mechanical
treatment of the surface in air with subsequent evacuation
(to 1073 Torr), and heating of the specimen at a tempera-
ture above 670 K for several hours. The line is characterized
by a small width (AH =0.7-2 Oe), a small relaxation time
(r=107%s) and shape intermediate between Lorentzian
and Gaussian. Air and oxygen strongly affect the line inten-
sity, decreasing it with increasing gas concentration. More-
over, oxygen simultaneously broadens the line. Diamagnetic
gases do not affect the intensity of the line. The signal does
not depend on the properties of the bulk (e.g., the type of
doping). In the first studies**3-33°095-97 the nature of the
PCs was associated with the oxygen content (complex of the
type SiO, ). As was assumed, the signal was caused by
broken bonds, while the small width arose from clusteriza-
tion of the defects and narrowing by the exchange interac-
tion. The broadening of the line under the action of oxygen
was assumed to be caused by the dipole-dipole interaction of
the PCs with an oxygen molecule physically adsorbed on the
surface of Si. However, it was later found®®7%°%% that car-
bon compounds that arise as contamination are responsible
for the line (e.g., arising from oil vapors from the vacuum
system).

References 20 and 26 carried out a special doping of the
surface of Si with atoms of elements of the iron group with
the aim of producing PCs. A feature of these studies is that
paramagnetic probes arise at the surface; one can use them to
study the properties and structure of the surface. These
structures recall the bulk PCs, which are usually obtained by
doping the specimens. Atoms of Cu and Mn were chosen as
the impurities, which were deposited on the surface from
electrolytes. It was possible not only to record the spectrum
from Cu?* and Mn?™ ions, but also to resolve the hyperfine
structure, and also to determine the fundamental param-
eters of the spectrum: the components of the g factor, the
HFI constants, the fine-structure parameters, and the width
of the individual line. And although the detailed nature of
the centers as yet has not been established, the EPR data
(the character of the anisotropy, the magnitude of the SH
constants) confirm that the PCs are concentrated at the sur-
face of Si.

The other PCs lying at the surface of silicon have been
studied little and their nature has not been established, al-
though we can suppose that most of them are intrinsic de-
fects. Therefore we shall restrict the treatment only to listing
the pertinent studies by their fundamental characteristic, the
g factor:

g = 1.9995,445%100 2 0011, 2.0024,%° 2.0043'°";
g =192, g, =222
g =2.0025, g, =2.0011; g, = 1.993, g, =2.002.3
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6.EPR OF SURFACES OF OTHER DIAMONDLIKE CRYSTALS
6.1. Germanium

Ge in many respects resembles silicon. Therefore we
canexpect that the characteristics of the EPR spectrum of its
surface will resemble those of the surface of silicon. Actually
such a similarity is observed. In this regard, despite the fact
that the number of studies on the EPR of the Ge surface is
rather large, we shall not take up these studies in detail, as we
have done for Si, since the methods of specimen preparation,
the conditions of measurement, and other general problems
of study of the Ge surface are analogous. Moreover, ger-
manium and silicon are usually studied jointly, so that one
can find detailed data on Ge in the articles already discussed
above. Here we shall take up mainly the special features of
the results and certain supplementary data on Ge.

Since in the case of Si the greatest interest was drawn to
the line with g = 2.0055, the question arises as to what is the
corresponding line for Ge. Such a line has been found. Its g
factor proved to be 2.023 + 0.001. The other characteristics
of this line are: AH = 35 Oe, n~ 10" spins/cm?, while the
relaxation time is about an order of magnitude smaller than
for Si. A characteristic feature of this line was that in many
studies it could not be detected if the crushing of the speci-
mens was conducted at room temperature rather than at
lower temperatures, e.g., liquid nitrogen. This involved the
fact that the intensity of the EPR signal declines with in-
creasing temperature of crushing.”’” According to the data of
most studies, the dependence of J on the temperature of mea-
surement obeys the Curie law, although Ref. 22 indicated a
stronger decline in J than 1/7,,. Apparently this involves
the fact that, with increasing 7, , a considerable line broad-
ening occurs simultaneously,'°? which masks the Curie law.
In this regard it is interesting to note that, in the case of the
EPR line of Si at g = 2.0055, AH depenids weakly on T, .
Apparently the corresponding temperature region lies above
room temperature, which would be interesting to verify.

Just as in the case of Si, a line was observed with
g = 2.0027,3396.98.99.193 involving carbon compounds conta-
minating the specimens. A number of additional lines arose
upon treating the specimens with gases. Thus, Refs. 55, 77,
104, and 105 used p-benzoquinone (p-BQ). The molecules
of this gas have the property of capturing an electron and
becoming converted into a radical, and thus becoming para-
magnetic. According to the plan of the authors, this phe-
nomenon enables one to study charge exchange between
molecules and the adsorbent. In the cited studies, after ad-
sorption on the surface of Ge of p-BQ, two EPR signals were
observed with the following parameters: g, = 2.002, AH,
= 3-8 Oe, and g, = 2.02, AH, = 22 Oe. The molecules of
diphenylamine have been used for analogous purposes.'®* In
contrast to the molecules of p-BQ, the molecules of the latter
can capture a hole. An EPR signal has also been observed
upon admitting oxygen,** and in the opinion of the authors,
it is due to the O, molecule. The models proposed in the
studies for the PCs responsible for the main line (g = 2.023)
coincide with those discussed for silicon.

6.2. Diamond, SiC, SiGe, and graphite

According to the data of Refs. 51, 57, 67, 69, and 85,
after crushing diamond or SiC at room temperature, EPR
lines appear with g = 2.0027 4+ 0.0002 and AH = 5.5 Oe.
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They are analogous to thesilicon line with g = 2.0055. It was
noted'% that, with gradual increase of the concentration of
Cin Si,_,C,, the g factor varies from 2.0055 to 2.0027,
while for x < 0.3 it depends weakly on x. No special study of
these lines has been performed.

Data on the EPR of the surface of SiGe are reported in
Refs. 22, 107, and 108. At an Si content »>92%, the line has a
g factor close to g = 2.0055, although somewhat differing
(=2.006). The width of the line at 7= 77 K amounts to0 9.2
Oe, while increasing at room temperature to 16 Oe. Two
lines are observed at other Si concentrations. One-with
g =2.016 and AH = 40 Oe—corresponds to the line of pure
germanium (with g =2.023 and AH = 30 Oe. The other,
narrower line has g = 2.005 and AH = 13 Oe; its nature has
not been established. The parameters of both lines are
strongly altered under the action of oxygen. The EPR data
on the surface of SiGe are correlated with the character of
the rearrangement of the band structure and the behavior of
the EPR spectrum of PCs in the bulk as its composition is
varied. In the opinion of the authors, the obtained results
confirm the model® of weak localization of surface elec-
trons, since a large sensitivity of the parameters of the spec-
trum to small admixtures of Ge exists.

Graphite, owing to its structural features, differs from
the other crystals of Group IV, primarily in the number of
lines in the EPR spectrum after crushing.®”"”"'% Three lines
were observed: g = 2.007, AH, = 10 Oe; g, = 2.0036, AH,
=4-45 Qe; g, = 2.027, AH, = 55 Oe. The width and inten-
sity of the lines strongly depended on the temperature of
crushing and the subsequent action of gases (CO,, H,, D,).
The interpretation of the experimental data reduces mainly
to the following. The breakdown of graphite occurs in all
crystallographic directions. Only the prismatic faces are ac-
tive, the fraction of which amounts to ~1/18 of the total
surface. In crushing, o-bonds are broken at the prismatic
faces, which leads to the unpaired electrons responsible for
the line with g = 2.027. Partially delocalized = = electrons
are responsible for the line with g = 2.0036. At high crush-
ing temperatures (300 K), electrons are captured by the
broken bonds, and the EPR signal is strongly suppressed.
However, it can be manifested by holding the specimen in
hydrogen or deuterium. Here a charge transfer occurs analo-
gous to that observed at the surface of Ge under the action of

p-BQ.

7.EPR OF THE SURFACE OF SiO,

The surface of silicon dioxide is of interest not only with
regard to structure. It is the object of intensive study in me-
chanochemistry: The freshly prepared surface has an in-
creased adsorptive and reactive power. In particular, one
assumes that the latter is involved in the occupational dis-
ease silicosis, which arises upon prolonged inhalation of
quartz dust. For study one uses quartz (crystalline or
fused), silica, silica gel, and other varieties of silicon dioxide
that yield similar EPR spectra. The specimen is usually
crushed to a powder (in vacuo, in air, or in a medium of inert
or active gases). In a number of cases an amorphous film was
used that was obtained by sputtering. The PCs detected on
the surface can be classifed into two groups: intrinsic defects
that arise in the process of preparing the surface,®”''%-'"”
and impurity defects that arise from adsorption of gases or
deposition on the surface of ions from electrolytes.''*'*!

A. B. Rottsin and V. M. Maevskir 900




Intrinsic defects are observed usually in the form of
electron centers (g factor less than 2.0023), and consider-
ably more rarely in the form of hole centers. In the most
carefully performed experiments'''!'¢ it was shown that the
shape of the EPR line of electron centers (E’, centers)® is
asymmetric with AH = 3 Oe. An analysis of it showed that
the broadening and asymmetry involve the random distribu-
tion of the PCs, which are characterized by an individual line
of width ~1 Oe and an axially symmetric g factor (g,

= 2.0018, g, = 2.0003). An HFS also appeared in the spec-

trum, due to the interaction of the electron of the PC with the
nuclei of the closest neighboring silicon >°Si. The spin Ham-
iltonian of an E’; center has the form (2.9) and possesses
axial symmetry; the summation over / implies summation
over the different sites of the >°Si nuclei.

In elucidating the model of the E’; center attention was
paid to the fact that the parameters of the surface centers are
close to those of the bulk centers that arise upon irradiating
silicon dioxide with y-quanta or neutrons.'**'** Such bulk
centers studied by the EPR method include the E’, and E’,
centers. Both centers amount to O®~ ion vacancies with a
localized electron and with equilibrium positions of the sur-
rounding atoms altered in different ways; since the silicon
atoms closest to oxygen are not equivalent, relaxation of the
atoms has two pathways that lead to E’, and E’, centers. The
relaxation associated with the E’, center is metastable, but it
is stabilized by a hydrogen atom that enters the environment
of the PC. Just as in the case of an E’| center, for an E’, center
the unpaired electron is strongly localized at the closest Si
atom on the broken bond. In agreement with the data on
bulk centers, it was proposed that at the surface E’ centers
amount to a structure of the type of =Si-—an electron local-
ized near the Si at the broken bond (the dot). In other words,
one assumes that the immediate environment of the E’|, E’,,
and E’, centers is qualtitatively the same. Owing to the dif-
ference in configuration of the more remote environment,
one observes a certain difference in the parameters of the
spin Hamiltonian. In particular, one observes a somewhat
greater value of the isotropic HFI constant of the E’
centers, which can be explained by the absence at the surface
of atoms of the environment that “suck away” the electron
cloud.

EPR study of molecules adsorbed on the surface of SiO,
(0,, CO, CO,, N,0O, H,, etc.) is of interest at least from two
standpoints. First, one can draw inferences from the EPR
spectra of molecules constituting rather independent entities
concerning the structure and properties of the substrate on
which they are distributed. The point is that the spectra of
the corresponding free molecules are known, while the sub-
strate only transforms this spectrum in a certain way. Sec-
ond, by observing the change in the charge state of the ad-
sorbed molecules, one can conclude on the properties of the
surface states. Thus, for example, the interaction of CO,
molecules with the =Si- radical occurs with charge transfer
by the scheme: =8i* + CO, - =Si* + CO, ", and now the
paramagnetic CO; ion resonates. Its spectrum possesses or-
thorhombic symmetry (three components of the g tensor),
and HFI is manifested with the isotope *C. The parameters
of its SH somewhat differ from the corresponding param-
eters for the CO; ion existing on other matrices.'?* As an-
other example we note that in the breaking of the Si-O-Si
bond, along with the =Si- radical at the surface of SiO,, a
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radical of the form =SiO- arises.'?' However, owing to the
degeneracy of its ground orbital state, it is not directly ob-
served (by the EPR method). Yet it interacts with certain
gas molecules (O,, CO) to form new radicals (SiO00-,
Si0CO-), whose EPR spectra can now be studied, so that
one can decide on the state of the surface before and after
adsorption of the gases.

One can obtain information analogous to that noted
above by depositing heavier ions from electrolytes on the
surface of Si0,. The ions Cu?* and VO** were stud-
ied.""®!'9 It was established that the symmetry of their EPR
spectra depends on the temperature, going from axial at 77
K to cubic at room temperature. Such a transformation of
the spectrum was explained by the fact that PCs on the sur-
face of Si0, amount to the so-called aquacomplexes, i.e.,
ions of Cu?* and VO** lying in an environment of water
molecules: [Cu(H,0),]%* and [VO(H,0)5]1**. In such
complexes the position of the ligands can vary with varying
temperature, which leads to a change in the local symmetry
of the PC. Another characteristic feature of these complexes
is their ability to exist under the action of external factors
either in the form of singles or of sets, and in particular, of
pairs, while manifesting an exchange interaction.

Just as in the case of Si, PCs have been detected on the
surface of Si0,°%°° that arise from contamination with car-
bon compounds. And finally we note that, under certain
technological treatments that lead to an amorphous state of
the silicon oxide, spectra from SiO have been detected, ' !> !2°
which resembled the EPR spectra from irradiated com-
pounds of SiO, (g=2). Data on the nature of these centers
are not given, while only the existence of broken bonds is
assumed.

8.EPR OF THE Si-SiO, INTERLAYER

A generalization of the concept of the surface of a solid
as the boundary between the solid and the vacuum (air or
another gas) is the boundary between two solids or a solid
and a liquid. An example of such a formation is the layer
between silicon and its dioxide. Both Si and SiO, enter as
constituent elements of the combination metal-oxide-semi-
conductor, which has been widely applied in technology and
has been increasingly studied by various physical methods.
Of especial interest is the structure of the defects in the Si-
Si0, interlayer, since precisely they determine the electro-
physical properties of the entire system.

Study of them by the EPR method was begun'?® in
1966. Even the first studies®'*'*%!?7 established the most
characteristic feature of the defects that arise at the surface
of silicon subjected to high-temperature treatment
(1000 °C) in a medium containing oxygen (such a treatment
gives rise to an oxide layer ~ 10%-A thick). It was established
that three types of PCs arise near the Si-SiO, boundary,
which were called **P,, P, and P, centers. Their param-
eters have also been determined. Thus, in the case of the P,
center the spread in the components of the g factor, which
determines the anisotropy of the EPR spectrum, proved to
be 2.000-2.010, while the line width was =6 Qe. It was
shown that there is a direct connection between the concen-
tration of P, centers and the electrophysical characteristics
of the specimen. Thus, for example, the mobility of the cur-
rent carriers rose with decline in the number of P, centers.
And, although no models of the PCs were established, some
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assumptions on their structure were stated. Thus, it was sub-
sequently confirmed that the P, center is based on a struc-
ture of the type =Si*, which indicates that the unpaired elec-
tron is localized on one of the broken bonds. Subsequent
studies were aimed at establishing the nature of the PCs, at
examining the influence on them of the method of preparing
the oxide film, of light, and radiation treatment, and at de-
veloping new, more sensitive experimental methods of de-
tecting paramagnetic-resonance adsorption. In the identifi-
cation of the PCs the question arose of whether the interlayer
PCs are analogs of the bulk PCs (i.e., existing previously in
the bulk, but localized at the boundary and thereby some-
what transformed) or they are specific only for the Si-SiO,
interlayer. Therefore an important methological point in de-
termining the nature of the PCs was to compare the param-
eters of their spectra with those of the spectra of all known
defects in crystals of Si and SiO, and spectra of impurity
atoms in other crystals.

’ The greatest number of studies has been devoted to
studying the fundamental PC of the interlayer of the P,, cen-
ter. On the basis of numerous data'?®*='*? it was established
that P, centers can be of two types, depending on which
surface of silicon is being studied. For a surface of the (111)
type the P, center amounts to an axially symmetric center
with gy =2.0016 and g, = 2.009. It is based on a pyramid
consisting of four silicon atoms lying at the boundary be-
tween Si and SiO, and oriented along the [111] direction.
The atom at the vertex of the pyramid, which lies at the Si—
SiO, boundary, is adjoined by a broken Si= O bond at
which the unpaired electron is localized (Fig. 2). The PC
depicted in Fig. 2 can be denoted by the formula Si; =Si-. In
the case of a surface of (100) type, the model is defined by
the formula Si,O=Si-. The dependence of the concentration
of P, centers on a number of factors was studied (conditions
of specimen preparation, electric field) and a correlation
was established with the analogous concentration depend-
ence of various charge states (measured by electrophysical
methods). These measurements showed that P, centers are
electrically active centers (D, centers'”), which can cap-
ture both holes and electrons, and whose levels lie in the
forbidden band. In connection with what we have said, we
note that calculations of the electronic structure of these de-

FIG. 2. Model of an Si-SiO, interlayer at the (111) surface of silicon. a—
Arrangement of the atoms at the boundary. b-Model of a P, center (per-
turbed arrangement of atoms): near a relaxed silicon atom at the bound-
ary an oxygen ion is missing. Hence a broken bond is formed, at which a
single electron is localized, which is responsible for the EPR of the P,
center. A fragment of the type =Si- with a broken bond is the basis of
many intrinsic defects in Si and SiO, (which differ in the type and arrange-
ment of the three atoms closest to silicon ). Some authors assume that such
a fragment is the basis also of the model of the paramagnetic center with
g = 2.0055 (see Sec. 5). I-oxygen, 2—oxygen vacancy, 3-silicon, 4—elec-
tron.
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fects have been performed,'** whose results qualtitatively
agree with the experimental data. The conclusions drawn
above on the nature of the P, centers were obtained on the
basis of studies of only the angular dependence of A, asso-
ciated with the anisotropy of the g factor. And only recent-
ly'*® was it possible to detect the HFI of the unpaired elec-
tron with the 2°Si nucleus lying at the vertex of the pyramid
(see Fig. 2). As it turned out, the HFI tensor contains non-
zero components 4, and 4, confirming the axial symmetry
of the P, center.

We have already noted that in preparing the oxide layer
on silicon one must heat the Si specimen at high tempera-
ture. Under such a treatment part of the impurities con-
tained in the bulk can diffuse to the surface. This circum-
stance entered into the error of certain investigators who had
proposed structures as models for the P, and P, centers in-
volving lattice breakdown (intrinsic defects). Yet actually it
turned out that the P, centers are Fe? atoms implanted into
the interstices of Si near the Si-SiO, boundary.'?®'*® The
situation is somewhat more complicated with the P, centers,
but here it is assumed that impurity atoms of phosphorous
that replace Si atoms in the interlayer are resonat-
ing.'?®12913¢ In this regard attention is drawn to Ref. 137,
where it was shown that the atoms of phosphorus in silicon
diffuse to the surface upon annealing. Another viewpoint'>®
associates the P, centers with silicon vacancies and oxygen.
In the process of studying P, , Py, and P, centers, an isotrop-
ic line was observed'*® with g = 2.0055, which was described
in detail above in connection with the surface of silicon. The
PCs corresponding to it lie in the silicon near its boundary
with SiO, and have the same nature as silicon PCs proper. In
these studies they were named P, centers. P, centers inter-
fere with the observation of P, centers, and they must be
distinguished in a special way.'*?

In line with the fact that the Si-SiO, system has found
widespread application in technology, it was important to
establish the optimal technological regime of preparing it
and the character of the influence of various external agents
onit. In solving this problem, substantial help was offered by
the EPR method, since the kinetics of accumulation of PCs
formed in the interlayer proved to be a good indicator of the
properties of the whole system. It was found**'**-'4 that the
parameters of this system strongly depend on its conditions
of formation, and in particular, on the temperature of oxida-
tion. In this regard a low-temperature ( < 600 °C) treatment
at reduced pressures of the surrounding gas was pro-
posed.>'*? It was also established that irradiation of the
specimens with light (4v > E,—the magnitude of the forbid-
den band in Si) leads to the appearance of new
centers®7 128139141 or intensification of the signal of the
centers already known.!3%-142.143 The nature of the new PCs
is as yet unknown but, in the opinion of most authors, they
involve OH groups that arise owing to the presence of water
vapor during the preparation of the specimens. It proved
essential also that photostimulated or photoenhanced EPR
enables one to detect a smaller amount of PCs than ordinary
EPR does. The mechanism of this phenomenon as yet has
not been sufficiently elucidated, but it is assumed that it, as
in the experiments of Ref. 89, involves spin-dependent re-
combination of charge carriers excited by light. Owing to
this new methodology, it has been possible to detect PCs in
the interlayer that are not observable in the ordinary way
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(e.g., E’ centers'*?) and to establish that they are responsible
for the electrophysical properties of the specimens. The cited
set of studies, which mainly used white light, are adjoined by
studies of PCs under the action of ultraviolet irradiation. It
was noted that it can lead to a temporary weakening of the
signal from the P, centers'** and to depletion of oxygen of
the SiO, layer, i.e., to the appearance of E’, centers.'*®

Studies of the influence of y-irradiation showed'*® that
E’ centers and hydrogen atoms arise in the SiO, layer, and
P, centers in the Si-SiO, interlayer. The distribution of the
E’ centers proved to be nonuniform: near the Si-SiO, bound-
ary the concentration of E’ centers proved to be considerably
greater than at the boundary of the SiO, layer (by a factor of
about four at a thickness of the layer =~10* A). Also “oxy-
gen-hole” centers were detected in the SiO, layer—holes lo-
calized near oxygen atoms. Under the action of ion irradia-
tion (Ar+, As*, B*, H*, He*, N*, Ne*, O*, P*) three
types of centers arise,'#”'*® which were identified as follows.
In silicon near the interlayer P, centers arose, and in the
Si0, layer-FE’ centers and the so-called DI centers, associat-
ed either with O~ or with O; . Study of the kinetics of accu-
mulation of the various defects ar their spatial distribution
near the Si-5i0, boundary showed that one can monitor the
process of implantation by the EPR method.

Reference 149 is especially noteworthy, in which infor-
mation on the state of the surface was derived from the EPR
spectrum of PCs existing in the bulk. In this case the Fe®
atom was resonating. Usually the Fe® atom lies in a cubic
environment, and having the spin S = 1, it yields a single
isotropic line. Under the action of deformations that reduce
the local symmetry, the EPR line splits in two. The authors
of Ref. 149 created deformations by damaging the surface of
silicon, and in particular, by deposition on it of a layer of
SiO,, which led to stresses. The study of the line splitting
that arose here enabled them to derive information on the
stress parameters.

9.EPR OF THE SURFACE OF A" BY' COMPOUNDS

We shall classify this group of compounds into two
parts, depending on the site occupied by the A" element in
the second column of the periodic table. The representatives
of each part are the compounds ZnO and MgO, to which a
number of studies have been devoted.

9.1. Crystals of the ZnO family
9.1.1.2n0O

Nonstoichiometric ZnO (with an excess of Zn ions) is
an n-type semiconductor. Many of its physicochemical
properties (as well as those of other semiconductors) in-
volve the adsorption on its surface of molecules of electron-
acceptor gases—such as oxygen, benzoquinone, fluoranil,
and chloranil. ZnO, being subject to photolysis, is a typical
photocatalyst on whose surface various chemical reactions
can occur. ZnO powder has been applied as a thermal insula-
tor for spaceships.'**'3" All this has caused heightened in-
terest in studying its surface properties. The first studies
were performed in 1961.%7-'°2 After crushing a monocrystal
of ZnO, the authors®” observed an EPR line with g = 2.005
and width AH = 8 Oe. In Ref. 152, after irradiating the pow-
der with ultraviolet radiation, a line was observed with
g = 1.957. Subsequent studies were directed mainly at eluci-
dating the nature of the line with g~ 1.96, and also on dis-
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covering and interpreting the lines that arise from adsorp-
tion on the surface of ZnO of various gases.

The line with g~ 1.96 and width AH 56 Oe, as a rule
having a Lorentzian shape, usually arises after heating the
specimens at a temperature T, >500 °C in vacuo. The tem-
perature of measurement is 77 K. This line is enhanced upon
irradiating the specimen with light with a quantum energy
exceeding the width of the forbiddep band (E, =3.435¢eV),
and is weakened under the action of various gases adsorbed
on the surface. Despite the large number of studies'>* "
devoted to elucidating the nature of this line, there is as yet
no unambiguous model of the source of the resonance. In a
number of cases doubt even remains with respect to whether
this line belongs to a surface center. There are three view-
points on the nature of the resonating spin: conduction elec-
trons that arise in the conduction band or the impurity
band!**-1%°; electrons trapped at an oxygen vacancy (local
centers of the type of F-centers'*%!%"160-163y. o interstitial
Zn™ ions.!’>'93-1%¢ Without concretizing the type of defect,
a localized character of the resonating electron has been in-
dicated.'®®!"® The most convincing proof of localization is
the discovery of HFS.'®® Yet this same study noted that the
very fact of localization of the electron depends on the con-
centration of defects and the temperature, so that also carri-
ers can resonate at large n and T, . It was noted '®* that with a
certain thermal and gas-vacuum treatment the line with

~1.96 can split into two lines (with g, = 1.965 and
g, = 1.961). It is proposed that Zn™ is responsible for the
line with g, and an O~ vacancy for the line with g,.

We should note that the ambiguous conclusions listed
above on the nature of the resonance involve to a consider-
able extent the fact that the results substantially depend on
the conditions of specimen preparation.

In studying the surface of ZnO, one of the methods used
was the admission of various gases that influence the intrin-
sic defects and create new impurity centers via adsorption.
In most studies oxygen was used for this purpose, but also
CO,”O Hz,150,172 N20’164,I65 N02,165,l7l NO, C12,165 and
more complex compounds (benzoquinone, anthraquinone,
trinitrobenzene, fluoranil, chloranil, bromanil, tetracyan-
oethylene) '’>"'™ have been used. The most typical PC ob-
served in many studies'*'7%-163-167.175-178 a5 O,~, which
arose upon capture by an O, molecule of an electron from the
surface. It is characterized by orthorhombic symmetry with
the following principal values of the g tensor: 2.051, 2.002,
and 2.0088. In this PC HFI was detected'®® after enriching
the oxygen with the isotope '’O. The problem is discussed of
the spectrum of the PC O, !56162164.167.176.177 yat the pa-
rameters of the SH ascribed to this center in different studies
strongly differ from one another. Many lines have remained
unidentified. ~ They include, e.g, an isotropic
ling!54-159:165.168,170.171.175 whoge g factor lies in the interval
2.013-2.019. Finally, in Ref. 99 a spectrum was recorded
that arises from contamination of the ZnQ surface with car-
bon compounds that yield parasitic signals (g = 2.0024—
2.0027). In this regard we note that many unidentified lines
or lines ascribed to other centers lie in the region g = 2.002—
2.004.

9.1.2. Other crystals of the ZnO famlly

The surfaces of the following crystals have been stud-
ied: Cd0,67'157 Cds’67‘99.l79—181 Cdse’99.l80—182 Ilgo’(ﬂ
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ZnS,57:99:157.183-185 7 Qe 180.183 The first attempts to detect
an EPR signal of the powders after crushing crystals of CdO,
CdS, HgO, and ZnS®” were successful only in the case of
ZnS. The EPR line observed with g = 2.0031 4 0.0003 was
subsequently identified'* as a line from an F-center (an $?~
vacancy that has trapped an electron). A number of studies
on CdS, CdSe, and ZnS observed a narrow line with
g =2.0027, which was ascribed to intrinsic defects. How-
ever, it was established later® that it belongs to carbon com-
pounds deposited on the surface of the crystals as contamin-
ation from the use of the vacuum technique. Measurements
performed with special precautions'®® showed that intrinsic
defects are not manifested on the surfaces of CdS, CdSe, and
ZnSe. Admission of oxygen weakens the observed lines (in-
cluding the line with g =2.0027), while in the case of
CdSe'®° it leads to an additional spectrum, which, however,
has not been studied in detail. Somewhat apart from the
cited studies is Ref. 183, in which the structure was studied
of a ZnS film doped with Mn?* ions that act as a paramag-
netic probe. From the data of the EPR spectra of Mn?™ it
was possible to establish the degree of ordering (crystallin-
ity) of the film and the symmetry of the immediate environ-
ment of the Mn?™ ion.

9.2. Crystals of the MgO family
9.2.1. Mgo

Crystals of MgO are a stoichiometric oxide, a dielectric
with a width of the forbidden band of 8.7 e V. Without special
treatment it is chemically weakly active. However, heat
treatment, evacuation, ultraviolet, y-, and neutron irradia-
tion transform it into a strong adsorbent and catalyst. A
substantial role in these phenomena is played by surface de-
fects, which can be studied by the EPR method. The first
experiments®’ showed that after comminution of MgO PCs
arise, characterized by an easily saturated line with a g factor
close to that of F-centers (g = 2.0021 + 0.0001, AH~=1.2
Oe) that had been observed earlier!®¢ in the bulk after neu-
tron irradiation of the specimen. The observation of HFI
with the Mg nucleus also indicated that structures of the
type of F-centers can act as PCs. Consequently the conclu-
sion was drawn that F-centers can be created also upon me-
chanical treatment of the specimens. Further studies were
directed to elucidating the nature of the intrinsic defects in
the juxtasuperficial layer, of the adsorbed gas particles on
the surface, and studying the connection between the defect
structure of the surface and catalysis.

The previousiy known F-centers®”'87-'#% and their ana-
logs arise under the action of neutron irradiation and me-
chanical treatment of MgO crystals. However, their distri-
bution through the specimen proved to be nonuniform: the
F-centers are mainly concentrated in a juxtasuperficial layer
~35 A thick, '3!3 while S-centers, which amount to a sur-
face.57:189-194 The electron of an S-center is not surrounded
by six Mg ions, as in the case of an F-center, but by five.
Consequently the symmetry of the PC proves to be axial
(g, =2.0016, g, =2.0003, g =2.007'"). In the case of an
S-center the electron interacts mainly with the **Mg nucleus
most remote from the surface. If one subjects to y-irradia-
tion a surface containing adsorbed hydrogen or deuterium,
Sy -centers are formed, '°? which amount to S-centers having
hydrogen (or deuterium) in the immediate environment.
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Sy -centers manifest HFI both with Mg and with H (or
D);. S- and Sy -centers actively interact with oxygen, where-
by the intensity of their lines is diminished up to complete
disappearance. After special thermal treatment and ultra-
violet irradiation, new centers arise—S’-centers. According
to Refs. 175, 191, and 195, they amount to electrons local-
ized at vacancies of the pair Mg?>*O*~ (g, = 2.0015,
g, = 1.9990, g, = 2.005). An S’-center is analogous to an
F,-center, which had been previously observed in the bulk.
Also V-like centers were detected (a hole localized at a
cation vacancy)'8%'9*!%. the g factor of these centers
(g, =2.038, g, = 2.003) is close to the g factor of bulk V-
centers.

Molecules (or atoms) of a gas adsorbed on the surface
of MgO have been studied by the EPR method:
O — ,175,197—199 O—,l93‘199—201 03— ’200,201 COZ—,l‘)S,ZOO CO,292
NO,?%*2%* NO,~,*** NO,, NO,,?** benzoquinone, fluoranil,
and other, more complex compounds.'”>'7*?%% The nature
of PCs that arise owing to adsorbed molecules has been de-
termined mainly by comparing their SH parameters with
those of the corresponding free gas molecules. A substantial
role in identifying them was played by using the isotope '’O,
which manifests HFS, and establishment of the correlation
between the number of adsorbed particles and the concen-
tration of the intrinsic defects measured by the EPR method.
An important point in these studies was the elucidation of
the mechanism of charge transfer to gas particles upon
chemosorption. Here there is as yet no unified opinion. Most
of the authors consider that the electron is captured from
defects (e.g., alocalized electron of an S-center is transferred
to O, to form O, ), others admit the transfer of an electron
from an O~ ion contained in the MgO lattice. With this is
associated and is discussed the question of the site of local-
ization of the particles. Unfortunately there are as yet no
direct radiospectrometric data that would allow answering
all these questions.

It has also been noted'®* %% '8 that, near a surface man-
ifesting an EPR spectrum, an acceleration of chemical reac-
tions (such as, e.g., H, + D,=2HD) and isotope exchange
between gas particles and particles already adsorbed on the
surface occur. And finally we note that, in connection with
the large number of PCs detected on the surface of MgO, a
classification of them®’® has been proposed together with
corresponding symbols for the PCs. Although the latter are
unwieldy in comparison with the symbols adopted in the
original articles (which we have maintained here), they can
prove useful after most of the PCs have been identified more
exactly.

9.2.2. Other crystals of the MgO famlly

Among this family also BaO,'>'%8:20¢ BeQ, Ba$, CaS,*’
CaQ,87:188,190,192,197 5 4 §rQ,57-188:190 have been studied. In
the case of Ba$ it was not possible to detect a signal from
surface centers. In the cases of BeO and CaS after crushing
only an EPR line was detected. And only the crystals of BaO,
Sr0, and especially CaO have been studied on the same level
as MgO, although to a considerably lesser degree. The pa-
rameters characterizing the PCs, or some phenomenon, dif-
fer from the corresponding parameters for MgO; yet on the
whole the phenomena are analogous to those observed for
MgO.
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10. EPR OF THE SURFACE OF A" BY COMPOUNDS

The first attempts®’ to discover an EPR signal from a
freshly crushed specimen of GaAs were not successful. In
subsequent studies it was possible to manifest a narrow
(AH =1 Oe) line with g = 2.0027 in EPR spectra of crystals
of GaAs, InSb,>*°%2%7 and GaSb.?®” As it turned out, this
line does not depend on the type of conduction, has a shape
intermediate between Lorentzian and Gaussian, and broad-
ens on adding oxygen. Etching off a thin layer makes it dis-
appear. In the opinion of the authors of these studies, the line
involves intrinsic surface electron states, while its broaden-
ing is due to the magnetic dipole-dipole interaction of the PC
with O, molecules adsorbed on the surface. However,
further study of this line in the spectra of GaAs.*®*® GaSb,*®
and InAs®? showed that it involves contamination with car-
bon compounds that arise in the vacuum technology. At the
same time these®® and other®®® studies manifested a new line
in the spectra of GaAs and GaSb with g = 2.0038, which was
also ascribed to intrinsic surface defects, but these data lat-
er?® were not confirmed, so that the very fact of existence of
the line with g = 2.0038 came under question.

Progress in studying the surface of A" BY compounds
by the EPR method was attained by using O, ~ as a paramag-
netic probe. After admitting oxygen to the surface of powder
freshly prepared in vacuo, an EPR signal was detected of the
0, ion on the surfaces of GaAs, AISb, and GaP.**-2!° (At-
tempts to detect an analogous signal in InAs and GaSb2%*
were not successful.) The SH of the O, ion and its immedi-
ate environment has the form of (2.9). HFI was detected
with the nuclei of the elements of the third group (Al,Ga). It
turned out that the directions of the principal axes of the g
and 4 tensors differ, which indicates that the symmetry of
the PC is lower than orthorhombic. To elucidate the details
of the structure of the PCs the authors of Ref. 210 studied the
complex AI(Ga)-O,~. As the model of its wave function
they chose a linear combination of the wave functions of the
ground state of the O, ion and of the atom Al (or Ga). On
this basis they calculated the observable characteristics of
the spectrum. Comparison of them with the EPR data en-
abled establishing the character of the binding of the elec-
trons in the complex and the features of the reconstruction of
the free surface of the A" BY compounds in agreement with
the low-energy electron-diffraction experiments. These
studies amount to the first application of EPR to study the
structure of the clean surface of crystals and is an example of
use of a paramagnetic probe.

11.EPR OF THE SURFACE OF TiO,, Al,0,, AND SOME OTHER
CRYSTALS

11.1.TiO,

Two varieties have been studied among the crystals of
the TiO, family: rutile and anatase. Although their space
groups differ,?!! they have a common important feature that
enables explaining the experimental data from a unitary
standpoint. This feature is the presence of [ TiO, ] octahedra.
The parameters of the octahedra of rutile and anatase differ;
this is taken into account in the qualitative interpretation of
the EPR spectra, e.g., in order to understand the difference
between the g factors. Yet the detailed difference in the
structure of the two crystals at the surface, and as a conse-
quence of this, in some of their physical properties, as yet
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cannot be solved by the EPR method. Therefore we shall not
draw a distinction between these two varieties of TiO, crys-
tals below in discussing the EPR data.

The first attempt®” to detect an EPR signal from the
surface of TiO, after crushing led to observation of a broad
(AH =400 Oe) line with g=2. The subsequent measure-
ments were performed after a special preliminary treatment
of the specimen. The crystals were usually heated at
T, =500 °C in vacuo (107> Torr) for several hours. After
this treatment a line was observed with g = 1.95-1.96 (ac-
cording to more accurate datag, = 1.959, g; = 1.946) and
AH = 50 Qe.?'*%!" The EPR spectrum was axially symmet-
ric. Most of the authors associate this line with the Ti** jon.
However, no exact model of the center is yet known, and it is
even unclear whether the Ti** lies at a node or an interstice.
Some authors ascribe this line to an O®~ vacancy that has
captured an electron, i.e., to a structure resembling an F-
center. Independently of the nature of this line, the question
was of interest of the character of the distribution of the PCs
on the surface of TiO,. If we assume that the PCs are distrib-
uted uniformly and calculate the width of the EPR line, then
it turns out?'? that it is an order of magnitude narrower than
the experimental curve. Hence the conclusion was drawn of
a nonuniform distribution of the PCs, and in particular, of
their clusterization.

Many studies have been devoted tostudying the adsorp-
tion of oxygen!’%2!-22% and other gases'’*2'2214216 op the
surface of TiO,. The aim of these studies was to establish a
correlation between the adsorptive power of the surface, its
catalytic activity, the electric conductivity of the specimen,
and the EPR spectrum at different stages of treatment of the
crystal. It was found that oxygen and certain other gases not
only have acceptor properties, forming, e.g., O, and O,
but also donor properties, being converted to O, and O*.
The EPR data from studying the adsorption of O, contain-
ing the isotope "0 are distinguished by great information
content.?!? In this case it was possible to detect HFS and to
show that the electron cloud is uniformly distributed be-
tween the two O atoms, and thus to establish that the O,~
molecule is oriented along the surface. In the case of donor
molecules, such as H,O and NH,,?'* adsorption occurs at
sites of broken coordination and restores it.

11.2.Al,0,

The first study®’ reported that a broad EPR line was
observed after crushing the specimen. Later®*! the question
was discussed of the influence of the surface on the adsorp-
tion of organic compounds. Thus, after degassing the speci-
men at 400 °C in vacuo and admitting quinone, an EPR line
was observed with g = 2.00 and AH =~ 10 Qe. In the opinion
of the authors an electron captured from the surface onto an
adsorbed molecule is resonating. An analogous situation
arises in adsorption of oxygen molecules, whereby it can be
detected by the EPR method'?®?* in the form of the O,~
ion. Al,O, acquires enhanced catalytic activity after y-irra-
diation,??>*?* with this activity being correlated with the
PCs formed at the surface of Al,0,. References 118 and 224
are of a different character. They studied the EPR of ions of
Cu?*, Mn?*, and VO?* deposited from solutions onto the
surface of Al,O,. Their spectra are characterized by axial
symmetry and manifest HFI with the nuclei of Cu, Mn, and
V. Under certain conditions these ions have a tendency to
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aggregate into clusters. In the opinion of the authors, dis-
torted water complexes of the type of [Cu-6H,0]>" act as
the PCs. As the surface is dehydrated, the coordination of
water molecules decreases, which is revealed in the EPR
spectrum in a change in the magnitudes of the components of
the g tensor.

11.3. Alkali-halide crystals

An attempt®’ to detect an EPR signal by crushing KCl
and LiF crystals to a powder was not successful. Another
approach was adopted”” in studying the surface of NaCl and
KCl-doping with Mn?* ions. This made it possible to detect
EPR spectra of the Mn? ions and to determine the funda-
mental parameters: the g factor and the HFI constant, A
model of the PCs was proposed: an Mn?* ion in the neigh-
borhood of six Cl™ ions lies in the juxtasuperficial region,
whose properties differ strongly from the properties of the
bulk. A charge compensator remote from the Mn?™ leads to
inhomogeneous broadening of the EPR lines.

11.4. Other materials

Besides the compounds discussed above, others have
been studied, albeit to a lesser extent. We shall restrict the
treatment here only to listing them while indicating the ap-
propriate references: Ba(OH),-8H,0,%*° BaSO,,"'° Bi,Te,,
CaCO,, CaF,,%” CuO. GaSe,”*® Ge0,,’?’ La,0,,°*° Li,*®
MgO‘A1203,67 MOO3,217’228 Ni0,2'7 PbS,76,lBO,229
PbTe,67'180 Si203,206 Se,67 SiN,23O Snoz, 176,231 Te,67 Y203,206
and Zr0O,.'®® A special class of materials is constituted by
porous materials, whose representatives are the zeolites and
silica gels. They possess a relatively high surface owing to the
characteristic cavities and consequently can serve as active
sorbents of molecules. The corresponding processes have
been studied by the EPR method, both in zeolites?* and in
silica gels.?>* However, we should note that the concept of
surface for them is arbitrary, since the radius of curvature of
the cavities is of the order of the distances of interatomic
interactions. Therefore the processes occurring on such a
surface will not be the equivalent to the phenomenon on
surfaces of large radius of curvature.

12. CONCLUSION

EPR has proved to be a rather effective method of
studying the surface of solids. Actually the study of surface
defects began with the application of EPR. Success has been
attained, both in establishing the nature of the defects and in
elucidating the mechanisms of various processes associated
with them. We should especially note the identification of P,
and P, centers in the Si-SiO, interlayer, E’, centers’in SiO,,
S-centers in MgO, O, molecules and the Mn?™ ion on the
surfaces of certain crystals, and the establishment of the cor-
relation between the intensity of EPR lines and different
electrophysical phenomena. Besides, if we compare these re-
sults with the analogous data for the bulk, we must state that
the obtained results are as yet meager. In fact, even in the
case of the advances noted above in identifying PCs, the
question of the structure of the immediate coordination
spheres remains open. As for the many other PCs, their na-
ture has been treated ambiguously, while some lines as yet
cannot be identified in any way. In this sense the line with
£=2.0055 from the surface of silicon is especially
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noteworthy. Despite the vast number of studies devoted to it,
the nature of the PCs corresponding to it remains actually
unestablished.'? Therefore we can conclude that, despite the
advances attained in studying surfaces by the EPR method,
as yet the accumulation of facts and the search for and devel-
opment of new methods of study (including fundamentally
new ones) is still proceeding. The level of study of surfaces
by the EPR method to some degree is reflected in the style of
the corresponding publications. Most of the studies are de-
scriptive in character, they abound in a multitude of assump-
tions and discussions of general character, and they lack the
rigor and brevity inherent in the studies of EPR of bulk PCs.

In connection with what we have said, let us take up
some considerations. As it seems to us, taking them into
account might substantially increase the information con-
tent of the studies.

a) There are as yet no studies of surfaces using such
unique methods as ENDOR and application in EPR of ex-
ternal electric fields, despite the fact that the appropriate
preliminary theoretical treatment has been carried out rela-
tively recently.?? Besides, as was noted in the Introduction,
precisely these methods have made it possible to increase
considerably the effectiveness of the EPR method. There is
also no complete understanding of the mechanisms of spin-
dependent phenomena, on the basis of which new methods
have been developed for surface study.****¢ This impedes
the identification of PCs and the correct determination of
certain of their characteristics. Therefore it seems expedient
to develop further the theory of these phenomena.

b) Almost all studies on EPR of surfaces involve PCs
for which the spin is.S = 1/2. However, precisely this case is
the least favorable for obtaining maximum information on
the nature of PCs and the structure of the surface. Therefore
it seems in order to use as paramagnetic probes the ions
Mn?*, Fe**, Eu’*, and Gd*™, etc., which have acquitted
themselves well for bulk studies, and which are distin-
guished by high values of the total spin (S = 5/2, 7/2). Ap-
plication of high-spin paramagnetic probes would enable de-
termining the local symmetry of PCs with greater accuracy,
and owing to its relation with the space groups'*~the sym-
metry of the reconstructed surface as a whole. One of the
features of the EPR of surfaces is that, in constrast to the
bulk, here molecules (or atoms) of adsorbed gases (such as
O,) can act as probes. And although they have S =1/2,
study of the HFI with the intrinsic nuclei and the nuclei of
the substrate can considerably enhance the information con-
tent of the EPR data. In this regard we note that enrichment
of the elements with isotopes having a nonzero magnetic
moment has justified itself.

c¢) Owing to the various factors (crushing to a powder,
determination of the PCs near the surface, amorphization of
the juxtasuperficial layer), the characteristics of the PCs will
differ from one another. Therefore it seems expedient to de-
velop further the theory of spectra of disordered systems. We
bear in mind a more complete account taken in the SH of all
the interactions and the derivation of exact analytic expres-
sions for the line shape. In reducing the integral expressions
for the line shape to elementary or special functions, the dif-
ficulties that arise are not only of fundamental character, but
also involve various types of unwieldy, laborious calcula-
tions. The latter can be performed by using computers espe-
cially oriented to automation of algebraic calculations.?*’
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d) Progress in studying surfaces by the EPR method is
closely associated with advances in studying them by other
methods that enable establishing the configuration of the
surface, help in identifying defects, and determine their loca-
tion and distribution. An important place is occupied by the
technical methods of preparing and treating surfaces and the
methods of producing PCs on them. We note also the role of
theory, and in particular, quantum-chemical methods.*® A
knowledge of how to calculate the energy structure of a de-
fect, and on its basis the SH parameters of the PC, would
considerably facilitate establishment of the nature of the PC
and the mechanisms of various processes at the surface in-
volving EPR. Such calculations as yet are in the initial stage,
although this involves to a considerable degree the absence
of the source experimental data on the nature of the PCs.
The study of the behavior of atoms (or molecules) on a sur-
face is of independent interest. The point is that, in a number
of cases, as was pointed out above, they have a tendency to
clusterize, which substantially alters the EPR spectrum. The
theoretical treatment of this problem has actually just be-
gun 21323
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