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The problems of spin polarization of low-energy electrons interacting with solid surfaces are
reviewed. Special attention is paid to describing the methodology of obtaining beams of polarized
electrons, methods of analyzing the spin state of the electrons in a beam, and also to the method of
spin-polarized low-energy electron diffraction. Results are presented of theoretical and experi-
mental study of the energy, angular, and temperature-dependences of the spin polarization of
electrons scattered by solid surfaces, and of the effect of adsorption on the polarization of elec-
trons for nonmagnetic and magnetic surfaces. Experiments to study the spin polarization of
inelastically scattered electrons are described. In conclusion the prospects of studies involving
analysis of the spin state of emitted and scattered electrons are pointed out.
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1. INTRODUCTION

The general tenets on the spin polarization of electrons,
polarization effects in photoelectric emission, and atomic
collisions are the topic of a number of review articles. l~* This
review aims to treat the studies involving the spin polariza-
tion of low-energy electrons (Ep = 0-1000 eV) arising from
their interaction with solid surfaces. The review pays its at-
tention to describing methods of obtaining polarized elec-
trons (PEs) and methods of determining the degree of polar-
ization of the electrons in a beam, as well as discussing the
polarization effects that arise in elastic and inelastic scatter-
ing of electrons by solids.

The first attempt to detect polarization of electrons was
undertaken by Davisson and Germer5 in 1929, shortly after
their proof of the wave properties of electrons. They studied
the double reflection of low-energy electrons from a single
crystal of nickel and reported that polarization is not ob-
served. Analogous results were also obtained by other inves-
tigators.6-7

In the same year Mott8 studied the problem of scatter-
ing of electrons by the Coulomb field of nuclei and found

that appreciable polarization must be observed in the scat-
tering of fast electrons with an energy of the order of 100 keV
by the nuclei of elements of high atomic number Z, and that
the expected polarization is extremely small at electron ve-
locities yel <c.

The failures of the first experiments on polarization of
slow electrons combined with the theoretical predictions of
Mott channeled the further continuaton of studies on spin
polarization only toward fast electrons; it was discovered
experimentally only in 1943.9

In 1941 Massey and Morh10 showed that polarization
effects must be observed also in scattering of low-energy
electrons by atoms, as was confirmed by experiments with
mercury beams.11 Considerable successes had been attained
by the middle 60s in studying polarization effects in the colli-
sions of electrons with atoms. In 1966 Maison12 suggested
that polarization of low-energy electrons, which had been
observed in scattering by atoms, must also be observed in the
scattering of electrons by solid surfaces. In fact, polarization
of electrons having Ep = 90-300 eV scattered from a mer-
cury surface13 as well as from foils of W, Pt, and Au14 was
detected.
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It became evident that one must take into account the
dependence of the scattering cross-section on the spin orien-
tation of the incident electron in the theoretical and experi-
mental study of the process of interaction of electrons with
solid surfaces, and to determine the spin state of the scat-
tered electrons along with measuring the intensity. A new
method of studying surfaces arose—spin-polarized low-en-
ergy electron diffraction (SPLEED).

The initial advances in SPLEED involve the theoretical
treatment of the polarization effects that arise in scattering
of electrons by a crystal surface.15"22 The first successful
SPLEED experiment was performed on tungsten.23 Consid-
erable progress in spin-polarization studies involved the
construction of highly efficient PE sources based on GaAs.24

The invention of absorptive-type spin-polarization detec-
tors25 greatly simplified the problem of determining the po-
larization of electrons. Study of the spin state of inelastically
scattered electrons showed26 that they also show spin polar-
ization.

In this review we shall not take up in detail the funda-
mental concepts involved in the spin polarization of elec-
trons—they have been presented in sufficient detail27—nor
the theoretical aspects of spin polarization of slow electrons,
which are the topic of a separate review.28 We hope that this
paper will help investigators involved with emission elec-
tronics and the physics of solid surfaces in designing experi-
ments on polarization of emitted and scattered electrons.

2. SOURCES OF POLARIZED ELECTRONS

Various methods exist for obtaining electron beams
with a preferential orientation of the spins. A number of
review articles have been devoted to this problem.29'30 We
shall briefly treat the PE sources employed in experiments
with atomic beams, and then take up in greater detail the
results of experiments to study the polarization of electrons
in auto- and photoemission and the scattering of electrons by
solid surfaces from the point of view of designing solid-state
PE sources.

Table I presents the different types of PE sources, indi-
cates the method of obtaining PE, and briefly characterizes
these sources.

In addition to the ordinary characteristics of beams of
charged particles such as the beam intensity / and its emit-
tance e," PE beams are commonly characterized by the fol-
lowing parameters:

a) the degree of polarization P of the beam;
b) the quality index |", defined as |" = P-JT;
c) the direction of polarization of the electrons in the

beam;
d) the possibility of reversing the polarization.

The latter parameter is especially valuable, since PE sources
with reversible polarizability considerably simplify the
problem of quantitatively determining the polarization ef-
fects that arise in electron scattering. Reversal of polariza-

TABLE I. Sources of polarized electrons

Type of source

Photoionization

Photoemission

Autoemission

Secondary
emission

Impact
ionization

Diffraction

Method of obtaining

Photoionization of polarized
atoms by unpolarized light, Li
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points at low temperature, EuS/
W
Inelastic scattering of electrons
by solid surfaces
Chemoionization of metastable
He in the afterglow region upon
collision with a CO2 gas target.
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electrons by the crystalline solid
surface W (001):
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tion is carried out by changing the angle of emission or the
energy of emission, by reversing a magnetic field, and by
reversing the optical polarization of the radiation incident
on the source that gives rise to photoionization or photoe-
mission.

2.1 Sources of polarized electrons used in experiments with
atomic beams

Experimental study of the polarization arising in scat-
tering of electrons of energy ~ 1 keV by an atomic beam of
mercury showed31 that at a scattering angle •& = 120° the
value of P is as much as 80%. However, with a current of the
primary beam of 100 //A, the PE current amounts to only
10~ I3 A. Hence the scattering of electrons by atomic beams
is an ineffective method of obtaining PEs.

Photoionization of lithium atoms preliminarily polar-
ized by passing the atomic beam through a region of inhomo-
geneous magnetic field has been employed in Ref. 32 to build
a pulsed source of PEs with a high degree of polarization

A source of PEs has been described33 based on the Fano
effect. In the photoionization of unpolarized cesium atoms
by circularly polarized light from a mercury-xenon lamp,
flux arises of longitudinally polarized photoelectrons with a
degree of polarization P = 63 + 3% and with a beam cur-
rent/ = 10 ~8 A. Reversal of the polarization of the photoel-
ectrons is carried out by reversing the polarization of the
light beam. An analogous source has been described in Ref.
34.

Hodge et a/.35 have described a PE source in which me-
tastable He atoms generated by a UHF discharge are optical-
ly pumped with circularly polarized light and chemoionized
by collision with a gas target to form polarized electrons.
The PE current is 2X 10~6 A, with P = 40%. The use of a
laser for optical pumping enabled improving the parameters
of a source of this type.36

2.2. Polarization of electrons in auto-, photoemission, and
electron scattering by solids. Solid-state sources of
polarized electrons

According to the band model, the spin degeneracy is
removed in the valence band of a magnetized ferromagnetic,
and, using photoexcitation one can obtain an electron flux
with 100% polarization. The initial experiments to study
photoemission from Ni, Co, Fe, Gd, EuO, and EuS either
yielded no polarization, or they yielded a value of P of the
order of several percent.37-38 The outline of these experi-
ments is as follows. A film of a ferromagnetic material is
evaporated onto the bottom of a Dewar flask cooled to 4.2 K
in an ultrahigh vacuum. The specimen is magnetized per-
pendicular to its surface in a field of the order of 106 A/m.
Deposition of a layer of cesium on the surface of the film
enables one to use light sources in the visible region of the
spectrum. A more detailed description of the methodology
of these experiments is given in the review of Ref. 2.

One of the first solid-state PE sources is described in
Ref. 39. An electron beam with P = 54% was obtained in
photoemission from a magnetized polycrystalline film of
iron coated with a layer of cesium. Reference 41 describes a
photoemission pulsed PE source based on an EuO crystal

FIG. 1. Diagram of a SPLEED instrument.24 1—light source, 2—A/4
plate, 3—photoemission source chamber, 4—sources of Cs and O2, 5—
photocathode, 6—spherical condenser, 7—transmission valve, 8—elec-
tron gun, 9—grids and luminescent screen, 10—Faraday cylinder, 11—
crystal under study, 12—LEED chamber.

doped with La.
A group of researchers in Zurich have developed a PE

source based on photoemission from GaAs,42^*4 which at
present is the most developed of the polarization sources.

In the excitation by circularly polarized light of elec-
trons from the valence band of GaAs split by spin-orbit in-
teraction, the polarization of the photoelectrons entering the
conduction band amounts to 50%. One can increase the effi-
ciency of photoemission by producing states with a negative
electron affinity (NEA) on the surface of GaAs by combined
treatment of the GaAs with cesium and oxygen.

Let us examine the design of a GaAs source with NEA
specially developed for experiments on SPLEED.24 Figure 1
shows a block diagram of the apparatus. Light from the laser
1, which operates in a continuous regime, is circularly polar-
ized at 2 and is incident on the (100) surface of the GaAs
crystal 5. The emerging photoelectrons are deviated by 90°
by the electrostatic field 6, accelerated to 1 keV and directed
through the transmission valve 7 into the diffraction camera
12. The strength of the PE current depends on the intensity
of the incident radiation, and in this study amounted to as
much as 20 /zA. Owing to depolarizing effects the degree of
polarization of the photoelectrons amounted to 43 + 2%.
The polarization was reversed by rotating the plate 2. In the
course of time the intensity of the photocurrent declined
(without change in the value of P). The photocurrent was
restored by heating the photocathode, with deposition of a
new portion of cesium on the surface of the GaAs.

We note that Refs. 45-46 treated the depolarizing effect
of the layers of Cs and O2, which created an NEA state on the
surface of the GaAs, on the polarization of the emitted pho-
toelectrons. They proposed a PE source based on GaAs with
a positive electron affinity and having good enough working
characteristics.

The use as a photocathode of epitaxial films of GaAs
grown from a molecular flux made it possible to obtain PE
beams with P = 49%.47

The procedure of obtaining PEs in autoelectron emis-
sion (AEE) from ferromagnetic materials is analogous in
many ways to the photoemission experiments: a strong mag-
netic field magnetizing the emitter, low temperature to de-
crease the depolarization of the emitted electrons.

In the first experiments on AEE from Ni,48 the polar-
ization of the autoelectrons was small (from — 7 to +2%).
Further studies showed49 an extremely high sensitivity of the
value ofP of the emitted electrons to the presence of an ad-
sorbed layer on the surface, which diminishes or completely
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abolishes the polarization. In subsequent experiments50 au-
toelectrons were obtained with P = 20—25%, while the po-
larization of the emitted electrons amounted respectively to
47 and 80% upon sputtering cobalt and iron onto a tungsten
point.51 Even better results were obtained for EuO and EuS
on W51-53: P = 80-90% with an emission current of 10~8 A.
This enabled building an autoemission PE source operating
in a dc regime.53 Another study54 has described a pulsed PE
source based on AEE from W-EuS.

Scattering of electrons by the surface of solids consist-
ing of heavy elements (W, Pt, Au) and magnetized by ferro-
magnets is also employed for obtaining PEs. With a primary-
beam current of 10~4 A, the current of scattered electrons is
10~8 A. The maximum degree of polarization obtained for
W and Au is ~ 80%. The degree of polarization of the scat-
tered electrons depends strongly on the cleanness of the sur-
face—thus, for W the intensity of the polarization peaks re-
mains invariant for several minutes in a vacuum of the order
of 10~10—10~'' Torr after short-term heating of a previous-
ly cleaned crystal.

Despite the variety of methods used for obtaining elec-
tron fluxes with a preferential spin orientation, it is a com-
plex problem to obtain sufficiently intense beams with a high
degree of polarization. The most widespread PE sources
have been photoemission and photoionization sources, and
also source employing electron scattering by atomic beams
and solid surfaces. More complicated compounds: GaAsP,55

Ga-As-AL,. Ga{ _ x As59 have been applied as effective pho-
toemitters in addition to GaAs.

Reference 57 is of considerable interest for the develop-
ment of new PE sources, in which photoelectrons were ob-
tained with 100% polarization from transversely magne-
tized Ni(OOl) in the absence of an external magnetic field at
the instant of photoemission, as well as Ref. 58, in which
polarization of photoelectrons was detected from unmagne-
tized W(001) illuminated with unpolarized light. It has been
proposed59 to employ the phenomenon of photoionization of
atoms by circularly polarized light at the wavelength of exci-
tation of autoionization resonances for creating PE sources
of a new type. The prospects fo autoemission PE sources are
great. However, the low temperature of the emitting point
and the large magnetic fields required for obtaining polar-
ized beams retard the development of sources of this type.

3. ANALYZERS OF ELECTRON SPIN POLARIZATION

The classical method of determining the spin state of
electrons is Mott scattering. A detailed description of the
operation of a Mott analyzer21 is given in the review of Ref. 2.
Hence we shall not spend time on it. One can find the theo-
retical aspects of the operation of a Mott analyzer in Ref. 60,
and a description of the design in Refs. 61 and 62. New types
of analyzers have been invented in recent years, such as the
diffraction and the absorption analyzers. Table II shows the
spin-polarization analyzers of different types, indicates the
methods of analysis, and briefly characterizes these detec-
tors.

The basis for determining the degree of polarization of a
beam being analyzed is the dependence of the scattering
cross-section of electrons on the orientation of their spins.

The principle of the operation of analyzers employing elec-
tron scattering consists in measuring the scattering intensity
of the beam under study at the symmetric angles i? and — i?:
/ (t? ) and 7 (i? ). The scattering asymmetry A is denned as

/(«) + / ( — •») ' '3.1)
It depends on the degree of polarization P of the beam and
the analyzing power S of the detector.3' This enables us to
determine P from the known quantity S and the measured
value of A by the relationship

P=-TA- (3-2)
A fundamental characteristic of analyzers is their effi-

ciency P, which is defined as

P = - - 0.3)
Here 70 is the intensity of the incident beam, and / is the
current of scattered electrons recorded by the detector.

In analyzing the spin state of electrons, one must also
match the emittance of the detector and the beam being ana-
lyzed.

3.1 Atomic detector of spin polarization

As a rule, one uses a Mott analyzer as the spin-polariza-
tion detector in experiments with atomic beams. However,
in experiments on double scattering of electrons by atomic
beams,63'64 the spin polarization of the electrons scattered by
the first beam is determined from the scattering by the sec-
ond beam of mercury atoms. Typical parameters of the elec-
tron beams in these experimnts are presented in Table II.

The low efficiency of atomic analyzers (~10~8) in-
volves the low density of the scattering matter and the fact
that the maximum polarization in atomic scattering corre-
sponds to the minimum in scattering intensity.

In Ref. 65, the focusing of the electrons scattered by a
beam of mercury atoms by a radial electrostatic field made
possible a considerable increase in the intensity of the elec-
tron fluxes being detected, so that the efficiency of this type
of detectors was increased up to the efficiency of solid-state
analyzers.

We shall take up solid-state spin-polarization detectors
in greater detail, since they are employed in experiments in-
volving scattering of electrons by solid surfaces.

3.2. Diffraction detector of spin polarization

Kirschner and Feder66 have employed the asymmetry
of scattering of low-energy polarized electrons from materi-
als of large Z to invent an analyzer of a new type. The diffrac-
tion detector consists of a crystal analyzer W (001) and two
collectors to measure the intensity of symmetric diffracted
beams. Grids are placed in front of the collectors to retard
the inelastic component of scattering in the beam being ana-
lyzed, and two channel multipliers measure the intensity of
the diffracted beams in a pulsed regime. Special attention
must be paid to the cleanness of the surface of the crystal
analyzer: the detector is located in a separate chamber in
which the pressure does not exceed 4X 10~" Torr, and the
cleanness of the W (001) surface is monitored with an Auger
analyzer. The instrumental scattering asymmetry is deter-
mined by measuring the scattering intensity of an auxiliary
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TABLE II. Spin polarization analyzers

Type of
sonalyzer

Mott

Atomic

Diffraction

Absorptive

Method of analysis

Measurement of the
asymmetry of scatter-
ing high-energy PEs by
a gold foil at symmetric
angles

Measurement of the
asymmetry of scatter-
ing of PEs by an atomic
beam at symmetric an-
gles

Measurement of the
asymmetry of intensity
of diffraction beams of
the same type in LEED
patterns of W (001):

(11) beam

(20) beam

Measurement of the en-
ergy of electrons being
analyzed for which the
SEE coefficient is cr = 1

Efficiency

lO-5-io-i

~ io-8

4- 10-5

1 • lO-i

8-10-s

~ 10-2

e

300

0,2

0,2

Ref.

61, 62

63

64

65

67

66

25
69

71

Notes

£p~100 keV, scatter-
ing angles ± 120°, de-
tector: Au foil.

£p = 900 eV, ft = 97,5°,
P = 0,53

70 = 10-iA, 7=10-12 A
Ep = 7 eV, •9 = 100°,

P = 0,39
70 = 10-* A, 7 = 10-" A
£p = 15eV, ft = 85— 110°,
4 = 0,6, / / /„« 10">

£p = 70 eV. A = 0.21—0,26
for Aft =+2°

£p = 105 eV, ,4 = 0,17—
0,21 for Aft=±l°

Detector :
Ni40Fe10B20
W (10(i)
Au (110), AuFilm

unpolari/ed beam, and also by measurements performed
after the W (001) surface has been held in an atmosphere of
CO and O2, whereby the analyzing power of the tungsten
crystal becomes zero.

The energy of the electrons to be analyzed and the scat-
tering angles are chosen in such a way as to ensure an appre-
ciable asymmetry together with a high intensity of the scat-
tered beams. Here the scattering plane must be a plane of
mirror symmetry, so that the measured magnitude A of the
asymmetry equals the polarization P of the electrons being
analyzed. An experimental comparison67 has been per-
formed of_the possibilities of using two pairs of diffracted
beams: (1 ,T) and (T, 1), (2,0) and (2,0) for determining the elec-
tron spin polarization. A description of the operation of de-
tectors of this type can also be found in Refs. 68 and 69.

3.3. Absorption-type detector

A new type of detector whose principle of operation is
based on measuring the current through a target bombarded
by the beam being analyzed has been proposed in Ref. 25.
Owing to the dependence of the intensity of scattering of
electrons on their spin orientation, the current in the target
circuit determined by the difference between the fluxes inci-
dent on the surface and scattered from it depends on the spin
state of the electrons in the incident beam. The correction to
the scattering intensity of the electrons for their spin orienta-
tion is small. However, when the fluxes to and from the sur-
face are equal, i.e., when the secondary electron emission
coefficient is cr = 1, a change in the spin state of the incident
electrons gives rise to a current in the target circuit. From its

magnitude and direction one can determine changes in the
degree of polarization of the incident electron flux.

Figure 2 shows a graph of the dependence of the current
flowing in the specimen on the electron energy for an unpo-
larized beam /„, a beam with P = + 100%, and a beam with
P= — 100%. The values of the energy corresponding to
zero current through the specimen for these beams are E0, E0

(T) , and EQ (I). The difference in energy values
A£ = E0(\) — £"0(i) depends on the angle of incidence •& of
the beam being analyzed and serves as an index of the quality
of the detector. The parameters characterizing the operation
of the analyzer are E0, A£> and 77, which is denned as

1 = ( M ( t ) - * U ) | ) / * o - (3-4)
One employs as detectors and analyzers of this type W

(001) and Au (110) crystals, amorphous films of Ni40Fe40B2o,
and poly crystalline films of Au sputtered directly in the ana-
lyzer chamber.70-71

The method of determining the value of P with an ab-

, , L. relative unitsT Hi) la iff)

FIG. 2. Dependence of the current flowing in the target circuit on the
energy of the incident electrons for different orientations of the spin of the
electrons in the beam.70
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FIG. 3. Diagram of an absorptive-type detector.72 1—beam being ana-
lyzed, 2—slit, 3—condenser, 4—plate with two slits, 5—analyzer prism,
6, 7—scattered-electron collectors.

sorption-type detector depends on the possibilites of revers-
ing the polarization of the beam being analyzed, and is car-
ried out, either by measuring the current passing through the
analyzer (charge-collection method) or by measuring the en-
ergy of the beam at which the current becomes zero (zero-
crossing method).

In the zero-crossing method the polarization of the
beam with the reversible polarization + P is determined by
the relationship

D_ E0( + P)-E0(-P) (3.5)
^~ A

For a beam without reversal the value of P is
D_ E0(P)-E0

2 (3.6)

For a ferromagnetic surface, one can obtain reversal of po-
larization by changing its direction of magnetization. For
detectors whose operation is based on spin-orbit interaction,
it is obtained by changing the angle of incidence of the beam
on the analyzing surface from 6 to — 0. Figure 3 shows an
original design of a detector in which the variation of the
angle & is carried out by the condenser 3, which directs the
electron beam alternately onto the left-hand and right-hand
faces of the prism analyzer 5. The degree of polarization P is
determined either from the modulation of the current /'„
flowing through the prism or from the difference of the cur-
rents /p of the two collectors 6 and 7, which collect the scat-
tered electrons.

In double-scattering experiments (Fig. 4), the first crys-
tal is the source of polarized electrons and the second is the
analyzer. The method of determining the polarization of the
electrons in these experiments will be presented in Sec. 4.1.

Let us examine the comparative characteristics of the
spin-polarization analyzers described above. The fundamen-
tal merit of the high-voltage Mott analyzer is the undemand-
ing conditions for its operation. It functions successfully in a
vacuum of the order of 10~6 Torr. Its analyzing power de-
pends weakly on the energy of the electrons being measured
and on the scattering angle t?. The fundamental defect of this

FIG. 4. Diagram of a double-scattering experiment. 1—first crystal, 2
second crystal, 3—collector.

detector is the need for using a high accelerating potential
and the concomitant problem of electric insulation of the
analyzer. This problem has been solved originally in Ref. 37,
where a potential of the order of 120 kV is supplied to the
inner cylinder of the analyzer, while its housing is grounded.
The two channel multipliers recording the intensity of the
electrons scattered by a gold foil have a relatively low poten-
tial with respect to ground.

The analyzing power of the Mott detector can be calcu-
lated with high accuracy. However, in measuring the polar-
ization one must introduce a correction, not only for the
instrumental asymmetry, but also for multiple scattering,
which diminishes the analyzing power of the detector. Up to
the present the high-voltage Mott analyzer has been success-
fully used to determine the degree of polarization of electron
beams.74-76

The diffraction detector differs favorably from its pro-
totype, the Mott analyzer. However, heightened require-
ments are imposed on the cleanness of the surface of the
target analyzer, and the energy of the beam being analyzed
and the scattering angles must be strictly fixed. The W (001)
surface used in the diffraction detector is rapidly contami-
nated by residual gases. Therefore chemically more inert
materials such as PbS (001)77 have great prospects as spin-
polarization detectors.

Absorption-type detectors are sensitive to the angle of
incidence of the beam being analyzed, to its energy, and to
the energy scatter in the beam. Therefore, these factors must
be held identical during the calibration of the detector and
the measurements. The surface of the detector must be
shielded from adjacent insulating surfaces that might be-
come charged by the scattered electrons and substantially
alter the value of EQ. The high efficiency, simple design, com-
pactness, and mobility have made this type of detector the
most promising in experiments on spin-polarization of low-
energy electrons.

A substantial defect of all the described analyzers is that
they do not measure the magnitude and direction of the po-
larization vector, but only its projection on one of the axes
(the normal to the scattering plane or the axis of magnetiza-
tion). In order to determine the vector P completely, one
must successively set the axis of the detector along three
mutually perpendicular axes. A method has been proposed78

for measuring the three components of the polarization vec-
tor, while Ref. 79 has described a design for such a device.

4. SPIN-POLARIZED LOW-ENERGY ELECTRON
DIFFRACTION
4.1. The methodology of measuring the spin polarization of
electron beams

There are several types of devices employed in experi-
ments with polarized electrons. In devices of the first type
one measures the spin polarization that arises in the scatter-
ing of primarily unpolarized electrons by solid surfaces by
using an analyzer linked with a scattering chamber.66'80 Fig-
ure 5 shows an apparatus of such a type. A LEED electron-
optical system (2, 3) was set up on a rotating base and could
be rotated about a vertical axis passing through the center of
a hemispherical screen. In combination with rotation of the
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FIG. 5. Diagram of an instrument for SPLEED.80 1—LEED chamber,
2—electron gun, 3—grids and luminescent screen, 4—crystal, 5—electro-
static lenses, 6—acceleration system. 7—Mott analyzer chamber, 8—gold
foil, 9, 10—detectors.

crystal (4), this made possible extraction of any one of the
scattered beams through a slot in the luminescent screen into
a second chamber (7) where the Mott analyzer was situated.

In instruments of the second type one measures the
asymmetry of scattering of two electron beams of differing
degrees of polarization. Figure 1 shows schematically a de-
vice of this type.24 The PE source based on GaAs having
NEA as described above is used in the LEED electron-opti-
cal system. When the intensity of the beams of differing po-
larization is equal the modulation of the intensity of the scat-
tered electrons measured by the collector (10) at the
frequency of reversal of the polarization arises from the de-
pendence of the scattering cross-section of the electrons on
the spin orientaiton in the incident beam. The use of a PE
source allows one simply and reliably to determine the polar-
ization effects that arise in the electron scattering.

The operation of instruments of the third type is based
on the double-scattering method. In the interaction of the
primarily unpolarized beam with the surface of the first crys-
tal, the polarization of the scattered electrons is determined
from the difference in intensities of reflection of electrons
from the second crystal for two different positions of the
latter. In essence, instruments of the first type employ one of
the variants of this method. A detailed outline of the possible
experiments and methods of determining the degree of po-
larization in double scattering has been presented in Ref. 81.
Figure 4 shows the diagram of an experiment in double scat-
tering. The collector 3 measures the intensity of the beam,
which has been successively reflected from the crystals 1 and
2 as a function of the angle of rotation of the crystal 2 and the
collector, which rotate as a unit about the axis of the beam II.
The intensity measured by the collector is determiend by the
relationship:

(0) cos tp). (4.1.1)

Here S2(6) is the asymmetry of scattering of the PEs by the
second crystal, 6 is the angle of incidence, and <p is the angle
between the polarization direction and the normal to the
scattering plane. With identical crystals we have Pl = S2,
and the amplitude of the first harmonic as a function of I2(0}
is determined by the quantity P \.

In the rotation-diagram method, which enables one to
study the connection between the symmetry of the surface of
the crystal and the vector P, one measurs the polarization as
a function of the rotation angle of the crystal with respect to
the normal to its surface, the other parameters being held
constant.

A SPLEED system designed for obtaining rotation dia-

LLL
<\

r r r

FIG. 6. Diagram of an experiment in the rotation-diagram method. 1—
electron gun, 2—crystal, 3—energy analyzer, 4—Mott analyzer.

grams (Fig. 6) contains a movable electron gun (1) and a ma-
nipulator that enables one to rotate the crystal (2) about its
normal. When the diffracted beam has passed through the
condenser, which converts the longitudinal component of
the polarization vector into a transverse component, the
beam is incident on the spin-polarization detector (4), which
can be rotated about the axis of the beam being analyzed.

The method has become widespread in recent time of
simultaneously using a PE source and an analyzer of the
scattered electrons with respect to energy and spin. This en-
ables one to study directly effects of exchange interaction
manifested in a change in the spin state of the electrons in
elastic and inelastic interactions with a solid (Fig. 7).

4.2. Spin-orbit interaction in electron scattering by solids

According to the Mott model of scattering, a spin-orbit
interaction arises in the motion of an electron in the field of
the nucleus. The radial electric field of the Coulomb interac-
tion of the electron and nucleus in the system of coordinates
associated with the moving charge is converted into a mag-
netic field perpendicular to the scattering plane. This mag-
netic field acts on the intrinsic magnetic moment of the mov-
ing electron. If initially the spin of the incident electron is not
oriented in the scattering plane, two important effects arise:

1. The magnetic field exerts an orienting action on the
spin of the electron, while trying to rotate it along the direc-
tion of this field. Therefore, after scattering, initially unpo-
larized electrons acquire a preferential spin orientation in
the direction perpendicular to the scattering plane.

2. The differential scattering cross-sections differ for
electrons with the spin ( f ) and the spin oriented in the oppo-

FIG. 7. Diagram of an instrument to study the exchange interaction.172

1—primary beam, 2—specimen, 3—scattered beam, 4—energy analyzer,
5—scattered-electron collector, 6—absorptive-type analyzer.
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site direction ( J.) with respect to the normal to the scattering
plane. Consequently the symmetry of Rutherford scattering
at the symmetric angles i? and — i? breaks down for a pri-
marily polarized beam. The latter serves as the basis for de-
termining the spin state of the electrons.

The calculations of Mott imply that an appreciable po-
larization owing to spin-orbit interaction must arise only in
the scattering of high-energy electrons by atoms with large
Z. However, the Born approximation used in these calcula-
tions ceases to hold for low-energy electrons.

The problem of scattering of electrons by atoms with
the spin taken into account reduces to finding the scattering
amplitude for electrons with spin oriented parallel to the
normal to the scatteirng plane/(t? ) and antiparallel to itg(i? ).
When expanded in partial waves, these amplitudes can be
represented as

+ 1 exp (2t6r— 1)] PI (cos d),
(4.2.1)

= S I -e*P (™i ) + e*P (2i5r)] P\ (cos d).17F

Here P, and P } are Legendre polynomials, and k is the wave
vector.

The expression for the scattering intensity has the form

)• = I / (0) I 2 + I g («) I 2- (4.2.2)

The spin polarization P directed along the normal to the
scattering plane is equal to the scattering asymmetry A, and
is determined by the expression

fr" . (4.2.3)
In atomic scattering the magnitudes of the phase shifts

5,+ and <5,~ with allowance for the spin-orbit interaction are
found from the solution of the Dirac equation with an appro-
priate choice of a model of the scattering potential. The max-
imal polarization effects associated with asymmetry of scat-
tering are observed for electrons whose spin is oriented along
the normal to the scattering plane. The polarization maxima
correspond to the minima of scattering intensity.

Reference 82 has presented the results of detailed calcu-
lations of differential cross-sections and spin polarization of
electrons scattered by atoms of different Z as functions of the
scattering angle •& (0° < •& < 1 80°) and the electron energy ( 100
eV <£P<1 500 eV).

In the kinematic approximation, the transition to scat-
tering of electrons by crystalline solids involves summation
of the secondary waves over all the atoms in the crystal lat-
tice:

, r,)J,
(4.2.4)

Here r,- is the radius vector of they'th atom in the lattice. The
degree of polarization of the electrons scattered by the crys-
tal, which is defined as -2ImFG*/(\F\2+ \G 2) reduces to

(4.2.3), which corresponds to the polarization that arises in
scattering by a single atom.

Thus, in the kinematical approximation the energy and
angular distribution of the intensity of electron scattering
reflects the mutual arrangement of the atoms in the lattice,
while the degree of polarization does not depend on the ge-
ometry of the crystal and is determined only by the proper-
ties of the individual atoms constituting the crystal.

The basis of the dynamical calculations of the polariza-
tion of electrons scattered by a solid is the model of the cell
potential.83 In the first stage one calculates the process of
single scattering of electrons by the ionic framework of the
crystal lattice. In the second stage one allows for the influ-
ence of multiple scattering, which considerably affects the
angular and energy distribution and the polarization of the
scattered electrons, for which one uses the methodology of
the calculations developed in LEED.84 The crystal is divided
into layers parallel to the surface. Initially one treats scatter-
ing within one layer, then that between layers. One can find a
detailed presentation of the calculations of SPLEED with
allowance for multiple scattering in Refs. 15, 16, 20, 21, and
85.

The parameters varied in these calculations include the
real and imaginary components of the internal potential, the
magnitude of the displacement of the upper atomic layer in
the direction of the normal to the surface, and the form of the
potential at the crystal-vacuum boundary. These parameters
substantially affect the energy and angular position of the
polarization peaks. The calculations themselves are per-
formed by the trial-and-error method. That is, the param-
eters are chosen to make the experimental results agree best
with the calculated results.

4.3. Spin-polarized low-energy electron diffraction from the
surface of nonmagnetic crystals

The following nonmagnetic crystals have been studied
experimentally by the SPLEED method: tungsten, plati-
num, and gold, for which the theory has predicted consider-
able polarization effects arising from spin-orbit interaction.
For crystals consisting of atoms of high Z, the characteristic
SPLEED features are:

1. One observes at certain values of the electron energy
and scattering angle a high degree of polarization of the scat-
tered electrons, which indicates large differences in the scat-
tering cross-sections for electrons with opposite orientations
of the spin. Thus, for example, for a polarization peak with
P = 80%, the scattering cross-section of electrons with a T
spin is nine times larger than for electrons with a i spin.

2. The shape and angular and energy position of the
polarization peaks strongly depend on the diffraction condi-
tions. A change in the angle of incidence of the electrons on
the crystal surface by 1° or an energy shift by 1-2 eV can lead
to a radical change in the polarization curves.

3. In many cases the intensity and polarization of the
scattered beams are not intercorrelated—in contrast to scat-
tering by atoms, the intensity minima do not necessarily cor-
respond to the polarization maxima. For certain values of
the energy and scattering angles in the case of adsorption or
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change in the temperature of the crystal, the change of one of
the characteristics (the intensity or polarization) is accompa-
nied by a relative constancy of the other.

Now let us examine the concrete data obtained for the
crystals mentioned above of W, Pt, and Au.

a) Tungsten

The greatest number of studies on SPLEED from the
surface of nonmagnetic crystals has been devoted to theo-
retical calculations and experimental investigation of the
surface of tungsten. ".M.SW.BO.SJMM

In the first experimental study23 the polarization of the
beams scattered by the surface W (001) lay within the range
from —35% to +37%.A subsequent study by the same
authors80 treated the intensity and polarization of the (00)
beam in the range of angles of incidence from 10° to 18°.
Values of P were obtained from + 60% to — 80%. Refer-
ences 87 and 93 have presented data on SPLEED from W
(001) for a specularly reflected beam at large angles of inci-
dence (6 = 47.5°).

As an example, Fig. 8 shows the energy-dependence of
the intensity and polarization of the (10) beam80 for scatter-
ing of initially unpolarized electrons by a tungsten surface,
while Fig. 9 shows the variation in the energy-dependence of
the scattering asymmetry of initally polarized electrons aris-
ing from changing the angle of incidence of the primary
beam from 9° to 24°.67

Detailed calculations of the angular and energy-depen-
dence of the polarization of electrons in SPLEED from W
(001) for four types of scattering potential have been present-
ed in Ref. 92.

The data on LEED and ion scattering imply that the
upper atomic plane of the (001) face of W is displaced by
A = 4.5-11% (see Ref. 95 and the references cited there).
Calculations showed92 that the polarization profiles are
highly sensitive to variation of A. A comparison of the calcu-
lated data with experiment implies that A = 7 ± 1 5 % f o r W
(001).

The effect of the form of the surface potential barrier on
the scattering of low-energy polarized electrons from W
(001) has been treated in Ref. 89.

b) Platinum

References 75 and 96-99 have presented the results of
theoretical and experimental studies of the platinum surface

40
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FIG. 8. Energy-dependence of the intensity and polarization of the (10)
beam from W(001).80

SO 100 Ep, eV

FIG. 9. Energy-dependence of the asymmetry of scattering of the (00)
beam from W (001) for different values of 0.67

by the SPLEED method. The Pt (111) surface has the struc-
ture (1 X1), and according to the data of LEED and ion scat-
tering,100"102 the upper atomic layer is not displaced in the
direction of the normal to the surface. This enables one to
compare the experimental data on polarization of scattered
electrons with the calculated data, in which A = 0 and the
main attention has been paid to the shape of the surface po-
tential barrier.

The first experimental study75 on SPLEED from the Pt
(111) surface found appreciable polarization peaks. Figure
10 shows the relationship of P to the polar angle 0 for the (10)
beam for the two energy values 95 eV and 85 eV. The ob-
tained results were compared with the theoretical calcula-
tions, which used two types of scattering potential: the band-
structure potential F"b_, and a potential with exchange
interaction Fexch that depend on the energy, as well as two
types of surface barriers: exponential and nonreflective.

We see from Fig. 10 that the theoretical calculations
using the Fexch potential and the exponential barrier match
most of the details on the polarization curves obtained ex-
perimentally.

c) Gold

A number of studies exist on the theoretical and experi-
mental investigation of the polarization of electrons scat-
tered from the Au (110) surface.68-74-96103-110 Study of the Au
(110) surface by the SPLEED method is of interest, since a
reversible phase transition is observed on it. According to
the LEED data,111 a rearrangment of the (1x2) surface
structure begins at T = 650 K, and is completed at 720 K
with the formation of a (1X1) structure.

In the first experimental study on SPLEED from Au
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FIG. 10. Dependence of the polarization of the (01) beam on the polar
angle 0 of Pt (111 ).97 1—experiment, 2—scattering potential with an ex-
change interaction dependent on the energy, and an exponential barrier;
3—band-structure potential with an exponential barrier.

(110),104 the intensity and polarization of a set of diffracted
beams was studied as a function of the energy and scattering
angles at T= 710-750 K, which corresponds to the (1X 1)
structure. The extreme sensitivity of the energy-dependence
of the polarization of the (10) beam to small changes (within a
range of 1°) in the angle of incidence of the electron beam on
the gold crystal is illustrated by Fig. 11.

Figure 12 shows the P (•&) relationsip for the (10) beam as
found experimentally and the corresponding theoretical cal-
culations of the polarization, which show the level of agree-
ment of theory and experiment. The discrepancies of many
details on the polarization curves found theoretically and
experimentally can be explained by the fact that the calcula-
tions were performed for an ideal (1x1) surface structure,
whereas the real surface that has undergone a phase transi-
tion contains considerable disorder.

Reference 107 has studied the P (E} and P (&} relation-
ships at temperatures corresponding to the phase transition
and at lower temperatures at which the structure of the Au
(110) surface is (1X 2). Reference 74 and 108 have studied the
asymmetry of scattering of PEs by Au (110). More detailed
information on these experiments will be presented in the
following sections.
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FIG. 11. Variation of the P (Ep) relationship upon rotating an Au (110)
crystal by I".104

FIG. 12. Dependence of Poni? for the (10) beam, Au( l lO) . 1—theory,2—
experiment.96

4.4. Relationship between asymmetry of scattering and
polarization. Rotation diagrams

The polarization that arises in scattering of an unpolar-
ized electron beam by atoms is perpendicular to the plane of
scattering and equals the asymmetry of scattering A of elec-
trons polarized perpendicular to the scattering plane with
P = + 100%. In the scattering of electrons by a solid sur-
face, the situation is complicated by multiple scattering and
the low symmetry of the crystal surface, so that P and A are
not always equal to one another.

The problems of symmetry of intensity and of P and A
have been treated in theoretical studies.112"115 It was shown
that a component of the polarization vector lying in the scat-
tering plane arises in the scattering of electrons from a sur-
face. The relationship between P and A is determined by the
symmetry of the surface of the scattering crystal, and can be
derived by studying the transformation of P and A upon time
reversal. It turns out that P = A when the scattering plane is
a plane of mirror symmetry in the crystal.

The direct comparison of P and A has become possible
with the invention of PE sources with reversible polariza-
tion.

The symmetry of scattering of PEs by the W (001) sur-
face has been measured90 compared with the earlier mea-
surements of the polarization.80 Excellent agreement was
obtained between the polarization and the asymmetry of
scattering curves for a specularly reflected beam at different
angles of incidence.

References 74 and 108 have studied the energy and an-
gular dependence of the scattering asymmetry for a number
of diffracted beams from the Au (110) surface having the
structure (1x2). These data differ appreciably from the cor-
responding polarization curves.104 However, subsequent
SPLEED experiments on Au (110)-(lx2) with direct and
reversed beams have yielded identical results. That is, they
showed that P = A. Apparently experimental errors were
introduced in Refs. 74 and 108 in determining the scattering
asymmetry.

The method of rotation diagrams, which we have al-
ready described, has been used to determine the components
of the polarization vector P:Pn—the component normal to
the scattering plane, Pk —that lying in the scattering plane in
the direction along the scattered beam, and Pe —also lying in
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FIG. 13. Rotation diagrams of Pt (111)97 ((00) beam, Er = 60 eV,
0 = 43.5°). 1—experiment, 2—theory.

the scattering plane and perpendicular to Pk. Figure 13
shows the results obtained experimentally and calculated
theoretically for Pn and Pk in SPLEED from Pt (111).98'99

The component Pn is symmetric with respect to the plane of
mirror symmetry of the crystal, whereas Pk is antisymme-
tric. The agreement between theory and experiment is very
good. Figure 14 shows the dependence of the components Pn

and Pe of the polarization vector on the azimuthal rotation
angle of the Au (110) crystal.110 The component Pe, which
lies in the scattering plane, is of special interest—it takes on
both positive and negative values and is larger in absolute
magnitude than the component Pn (in atomic scattering
Pe = 0, and only the component Pa perpendicular to the
scattering plane exists).

4.5. Surface resonance scattering in spin-polarized low-
energy electron diffraction

In LEED experiments intensity peaks have been found
that are explained by surface resonances. Under certain con-
ditions an electron flux arises in the crystal that moves paral-
lel to the surface while undergoing multiple internal reflec-
tion from the surface potential barrier. Owing to multiray
interference, an intensity maximum is formed that differs in
properties from the ordinary Bragg maxima. Resonance
peaks arise at low electron energies.

The theoretical calculations performed for W (001) and

10° 30° 50° 70° S0° if

FIG. 14. Dependence of the polarization components Pa and Pc on the
azimuthal angle of rotation of the Au (110) crystal110 (Er = 100 eV,
& = 140°).

Ni (111)18-89-116-117 have shown that surface resonance scat-
tering depends on the orientation of the spin of the incident
electron. Pierce et a/.118-119 have experimentally studied the
resonance scattering in SPLEED from the W (001) surface.
For electrons of energy 2-9 eV at angles of incidence of 15—
25° in the direction of the [Ol] azimuth, they observed a reso-
nance sequence of peaks whose splitting depended on the
orientation of the spin of the incident electron. The calcula-
tions presented in Ref. 120 agree satisfactorily with experi-
ment.

4.6. Adsorption effects

As a rule the polarization of low-energy electrons scat-
tered from a gas-covered surface is zero. This is one of the
ways of determining the instrumental asymmetry in the
alignment of spin-polarization detectors. In a vacuum of the
order of 10~10 Torr, the height of the polarization peaks
decreases with time, and becomes zero after several hours.
Hence, restoration of the initial polarization requires a re-
peated cleaning of the surface of the crystal being studied.
However, a series of studies on the influence of adsorption of
O2, CO, N2, and H2 on W (001) in SPLEED have shown a
complicated dependence of the value of P on the degree of
covering of the tungsten surface with the adsorbate being
studied.

The adsorption of CO and O2 in disordered form on W
(001) has been studied from the energy-dependence of the
intensity and polarization of a specularly reflected beam.121

Both adsorbates strongly diminish the height of the polariza-
tion at 75 eV (the polarization declines from — 75% for a
clean surface to zero upon exposure of the crystal in a gase-
ous medium equal to 1L). We note that the sharp variation of
the polarization in the case of adsorption is accompanied by
a small change in the intensity of the (00) beam. On the con-
trary, when Ep = 57 eV, the intensity of the specularly re-
flected beam varies severalfold without an appreciable
change in its polarization.

Reference 122 has studied the effect of ordered adsorp-
tion of oxygen on the spin polarization of electrons scattered
by W (001). The intensity and polarization of the specularly
reflected beam were measured as functions of the energy and
azimuthal angle for both superstructures p (4x1) and p
(2x1) that have been observed upon adsorption of O2 on W
(001). The differences in the changes in polarization for the
two superstructures indicate a different character of the re-
construction of the W (001) surface upon adsorbing O2 in the
ordered form. The authors consider that the polarization of
the scattered electrons is more sensitive to the reconstruc-
tion of a surface upon adsorption than the intensity is.

The adsorption of CO on W (001) in the ordered phase
has been studied by SPLEED in Ref. 123. Holding the tung-
sten surface in a CO atmosphere with an exposure of 20 L
with subsequent heating to 1150 K gives rise to a c (2x2)
superstructure and to a sharp positive peak at Ep =71 eV.
As the authors propose, desorption of CO of the /ff-phase
occurs on heating, and the ordered c (2 X 2) structure consists
of CO adsorbed in the/83-phase. Subsequent exposure of the
system W (001)-c(2x2) CO in an atmosphere of carbon
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FIG. 15. Dependence of the polarization of the (00) beam on the exposure
of the W (001) surface in nitrogen124 (£„ = 73 eV, 0 = 13°).

monoxide with an exposure of 2L alters the intensity of the
diffraction pattern and gives rise to a broad negative polar-
ization peak, which was proposed for designing an efficient
spin-polarization analyzer.

The effect of adsorption of nitrogen on the spin polar-
ization of electrons scattered by W (001) has been studied.124

Just as in the case of adsorption of carbon monoxide, adsorp-
tion of nitrogen in the ordered phase yields the superstruc-
ture c (2x2). Figure 15 shows the pattern of the sharp
change in polarization of the (00) beam as a function of the
exposure of the W (001) surface in nitrogen. A strong change
in P was also found upon heating a tungsten crystal exposed
in nitrogen: P varies from — 10% at an annealing tempera-
ture of 900 K to + 60% at 7-1320 K. The substantial
changes in polarization at the different stages of adsorption
of nitrogen show that the polarization is highly sensitive to
the state of the adsorbate on the tungsten surface.

The adsorption of hydrogen on tungsten has been stud-
ied by SPLEED125 using a PE source. Two ordered struc-
tures c (2 X 2) H and (1 X 1) H, which arise upon adsorption of
hydrogen on W (001), were compared with the similar struc-
tures c (2 X 2) and ( l X l ) that exist on a pure tungsten surface
(Fig. 16). The dependence of the scattering asymmetry A (Ep)
for the (01) beam on the degree of covering with hydrogen is
particularly remarkable, since the considerable changes in A
(Ep) are accompanied by a relative constancy of the intensity
curves. Since the amplitude of Coulomb scattering and the
spin-orbit interaction of the electrons with hydrogen are
small, the change in polarization is ascribed to a rearrange-
ment of the tungsten atoms on the surface due to the adsorp-
tion of hydrogen.

4.7. Temperature-dependence of the polarization

In the kinematical approximation the degree of polar-
ization of electrons reflected from the surface of a solid does
not depend on the temperature of the crystal, although the
intensity of LEED patterns declines sharply with increasing
temperature. The thermal vibrations of the atoms of the
crystal lattice, which are taken into account by the Debye-
Waller factor, alter the scattering amplitude/and g in identi-
cal fashion (see Eq. (4.2.1)), so that the degree of polarization
of the electrons scattered by an atom or crystal remains un-
changed. Taking multiple-scattering processes into account
leads to the appearance of a temperature-dependence of P.

--40

J, relative units

(1*t)

(fxl)-H

'2

SO 100 150 200Ep,t\SO 100 150 £,,eV

FIG. 16. Energy-dependence of the intensity and scattering asymmetry of
the (01) beam at different temperatures.125 1—clean W (001) surface, 2—
upon adsorption of hydrogen on W (001).

In this section we shall treat only the P (I} relationship
for clean surfaces, since the eifect of temperature on the po-
larization of electrons scattered by a gas-covered surface was
treated above, while the temperature-dependence of P for
magnetically ordered structures, which involves the change
in the magnetic properties of the surface with varying tem-
perature, will be treated below.

In agreement with the kinematical theory, in the first
experiment87 on scattering of electrons from W (001), the
spin polarization of the specularly reflected beam did not
depend on the temperature. However, a subsequent study126

found a substantial change in the polarization with tempera-
ture. It was found that the value of P declines with decreas-
ing temperature for energies of electrons below that corre-
sponding to the polarization peak, whereas for electrons of
lower energy the polarization increases with declining T.
Further experiments93 showed that with increasing T the
polarization curve shifts generally toward smaller energy,
with a small change in the height of the peaks of positive and
negative polarization at Ep of 70-80 eV, as is shown in Fig.
17. Theoretical calculations including multiple scattering
imply that the energy shift of the polarization involves the
thermal expansion of the surface lattice upon heating.

-W

~ao-

70

FIG. 17. Energy-dependence of the polarization of the (00) beam of W
(001) at different temperatures (0 = 13°).93 1—350 K, 2—600 K, 3—1100
K.
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FIG. 18. Dependence of the spin polarization of the (00) beam on the
scattering angle & for Au (110) at different temperatures107 (Ev = 50 eV).

Reference 125 has studied the effect of a phase transi-
tion on the spin polarization of electrons scattered by the W
(001) surface. According to the LEED data, the c (2x2)
structure transforms at T~ 3 50 K to the (1X1) structure for
higher temperatures. We see from Fig. 16 that the polariza-
tion curves for the (01) beam at temperatures of 100 K and
420 K differ little from one another.

In contrast to W (001), the structural phase transition
on the Au (110) surface is accompanied by considerable
changes in the polarization of the scattered electrons. Figure
18 shows the dependence of the polarization on the scatter-
ing angle & of an electron beam specularly reflected from the
Au (110) surface, as measured in the temperature range 320-
830 K.107 The considerable changes in the polarization
curves in the region of the phase transition reflect the com-
plicated character of the process of rearrangement of the Au
(110) surface.

4.8. Spin-exchange interaction In electron scattering by
solids. Spin-polarized low-energy electron diffraction from
the surface of magnetic materials

Owing to the small depth of penetration of low-energy
electrons into a solid (of the order of several angstroms), the
SPLEED method is an ideal instrument for studying the
magnetic properties of a surface: determining the magnetic
moment of the upper atomic layer Afsurf, its dependence on
the magnitude of the external magnetic field H and the tem-
perature, the presence of foreign atoms on the surface, and
also the character of the change in magnetic properties from
the surface to the bulk (A/surf —>Mbulk). In the theoretical de-
scription of SPLEED from magnetically-ordered structures,
the general problems (see Sec. 4.2) are complicated by the
problems of simultaneously taking into account the spin-
orbit and spin-exchange interactions, the choice of the mod-
el governing the magnitude of Afsurf, and its variation as
•^surf —'••Mbulk •

The literature contains contradictory information on
the magnitude of Afsurf and the character of the transition
^surf—>^buik-127~131 The initial calculations predicted sub-
stantially different spin effects in the scattering of electrons
by magnetically ordered structures.132"137 Dynamical calcu-
lations of SPLEED by ferromagnets are highly laborious,

and the models generally employed at present are that of a
homogeneous surface, in which the value of M is the same for
all atomic layers, and that of the linear approximation, in
which one calculates the scattering matrix Q (M } only for the
top atomic layer, with subsequent extrapolation of the re-
sults to the other layers Mt

 138:

* (Mt) = 1 [<?+ (Msurf ) - Q- (Msurf)l

(4.8.1)

Here the symbols + and — pertain to electrons with spins
parallel and antiparallel to the axis of magnetization of the
crystal.

The fundamental problem in interpreting data on
SPLEED from a magnetized surface is the relation of the
scattering asymmetry A (or P ) to the value of Mmrt and the
character of the transition A/surf — >Afbulk . In the Born ap-
proximation a directly proportional relationship exists
between Afsurf and A.133 Dynamic calculations with
allowance for multiple scattering give rise to a more compli-
cated relationship between .4 and A/surf

 :

A ~ (4.8.2)

In the general case the magnitude of Afsurf and the character
of the change Afsurf—»-Afbulk are determined by trial and error
by comparing the theoretical calculations for different val-
ues of Afsurf with the experimental data.

If all the M, vary in the same way with the temperature,
then we have^ ( T } ~ M ( T }. This case is realized for Tnear the
Curie point (Tc), and according to the theoretical views,146

we have

(4.8.3)

There are two methods of measuring the scattering
asymmetry that enable one to distinguish the contributions
of spin-exchange and spin-orbit interactions.139 If the polar-
ization vector P0 of the primary beam is parallel to the vector
M and they both lie in the scattering plane, which is a plane
of mirror symmetry of the crystal, then the contribution of
the spin-orbit interaction is zero. In the second case, the vec-
tors P0 and M are directed along the normal n to the scatter-
ing plane. There are four methods of mutual orientation of
P0 and M with respect to one another and n that determine
four scattering intensities. In a good enough approximation,
the quantities ̂ exch and AOIb are determined from the rela-
tionships

A — A*~A~
"ch~ 2 ' (4.8.4)

A _ A+ + A-
Aorb 2 '

Here ,4 * is the scattering asymmetry of PES for parallel and
antiparallel magnetization of the specimen with respect to n.

Now let us examine concrete data obtained for different
magnetic materials.

a) Nickel

The greatest number of studies on ferromagnetic mate-
rials by SPLEED has been devoted to nickel.24-117-136-138-147
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The first experiment to study the magnetization of a Ni
(1 10) surface was presented in Refs. 140 and 141. The elastic
component of the scattering asymmetry of the (00) beam was
measured for 6 =12° and Ep =125 eV, which was of the
order of 1 . 5 % . The A (H } curve had the form of a hysteresis
curve. The measurements of A as a function of the tempera-
ture for T= (0.5-0. 8) Tc confirmed the validity of Eq.
(4.8.3). A more detailed study of the A (T) relationship has
been presented in Refs. 144 and 145. It was found that the
relationship^ ~Msurf (T) holds over the temperature range
0.008<1 - r/rc<0.1.Thevalueof/9is0.82±0.02. Within
the range + 4K, Tc for the surface proved to be equal to the
bulk Curie temperature. Studies of A (T) for Ni (00 1)145-146

have also demonstrated a linear dependence of InA on In
[(1 - T / T C ) ] . The value of/? is 0.79 + 0.02.

The value of A has been measured139'147 for the surface
of magnetized Ni (001) with a separation of the contribution
of spin -exchange and spin-orbit interaction according to the
outline described above (see (4.8.4)). For the (01) beam with
Ep = 86 eV, the values ofAorb and^4exch are very small: the
mean value of Acfch is ~1% with maxima less than 2%,
while AOIb is of the order of 2%.

The values of Aexch and Aorb for the (00) beam with
6 = 45° attained ~ 10% and ~ 15%, respectively. A theo-
retical calculation of /4exch and^4orb for a very simple homo-
geneous model yielded good agreement with the results of
experimental determination of A with subsequent separation

Ni. Nl-Te

Unmagnetized Ni was the first substance for which po-
larization of electrons from materials with small and medi-
um Z was found. As we have noted in the Introduction, Da-
visson and Germer5 reported failure in their experiments on
double scattering of electrons from the surface of unmagne-
tized nickel. However, Kuyatt148 in 1975 analyzed Ref. 5,
and concluded that the authors had incorrectly interpreted
their results and that the value of P implied by their data was
~14%. Although Feder subsequently concluded"7 from
theoretical calculations that the observed asymmetry of
scattering of electrons from the second crystal is more likely
due to an inaccuracy of its positioning within the limits of 1°,
the tables82 on spin polarization for atomic scattering imply
an appreciable polarization for materials of medium Z
(krypton (Z = 36) at Ep = 100 eV and •& = 96°, with
P= — 11%, and niobium (Z = 41) at Ep = 100 eV and
•& = 102°, with P = - 33%).

The first successful experiment on SPLEED from para-
magnetic Ni was presented in Ref. 142. The asymmetry of
scattering of the (00) beam (0 = 45°, <p = 0°) from Ni (001)
heated to T> Tc amounted to several percent, with maxima
~ 15%. The theoretical calculations of the contribution of
spin-orbit interaction to A (Ep } yielded good enough agree-
ment with experiment. A subsequent paper149 studied the
surface of unmagnetized Ni (001) at room temperature. Sup-
plementary experiments employing the Kerr effect showed
that at Troom the electron beam covers a large number of
differently oriented domains. Hence the effects of the ex-
change interaction that arise in the scattering of electrons by
individual domains mutually cancel. The variation of P (Ep )
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FIG. 1 9. The P (Ef ) function of the (00) beam for Ni (00 1 ) and Ni (00 1 ) with
(2X2) Te149 (azimuthal angle 45°).

for the (00) beam with different angles of incidence and for
the (10) beam proved very sensitive to the scattering geome-
try and the energy of the incident electrons, as shown in Fig.
19. The observed polarization lay within the range 10-15%
with a maximum value of the order of 28%.

Above we have treated the effect of adsorption of light
gases on the polarization of electrons scattered by the heavy
tungsten (see Sec. 4.6). The converse situation has been de-
scribed in the same paper,149 where the polarization effects
were studied that arise in the adsorption of the heavy telluri-
um (Z = 52) on the surface of unmagnetized Ni (001)
(Z = 28). As we should expect, the adsorption of Te on Ni
(00 1 ) having the c (2 X 2) structure altered the P (Ep ) curves,
while the values of P of the scattered electrons increased (see
Fig. 19). Satisfactory agreement was obtained between the
experimental data and the theoretical calculations of P,
which were performed for the first time for an adsorbate-
substrate system.

b) Iron

The results of theoretical and experimental study of the
Fe (001) and (1 10) surfaces by SPLEED have been presented
in Refs. 81, 132-135, 138, and 150-152. The initial calcula-
tions of the asymmetry of scattering of PES carried out in the
Born approximation have yielded substantially differing re-
sults. (Thus, according to Ref. 1 32, the magnitude of A is
— 86%, whereas in Ref. 133 it equals only 3.5%). Further
dynamical calculations138 have shown the high sensitivity of
the polarization curves to the choice of the value of Msurf,
and have predicted considerable polarization effects in the
scattering of electrons by a magnetized iron surface.

The first experimental study of SPLEED from Fe
(1 10)15M52 treated films 80 layers thick grown on a W (1 10)
surface. (This permitted relatively easy magnetization of the
Fe film and elimination of the influence of scattered magnet-
ic fields.) The maximal value of A for the (00) beam amounted
to (34 ± 10)% (0 = 31°, Ep = 46 eV). Figure 20 shows the
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FIG. 20. Energy-dependence of the spin-orbit and spin-exchange asym-
metry of scattering of Fe (110). 1—experiment,151 2—theory.150

results of experimental separation of Aorb and^4ei[ch accord-
ing to the outline presented above, and of the theoretical
calculations of /4orb and /4exch employing the model of the
linear approximation with the value A/surf = 1.3 Mhulk. We
see that the agreement between experiment and theory is
good.

c) Amorphous ferromagnets

The analysis of the polarization effects that arise in scat-
tering of electrons by a crystal surface is complicated by dif-
fraction. Hence the study of the surface of amorphous ferro-
magnetic is of undoubted interest. In Refs. 26 and 153 the
asymmetry of scattering of PES from the surface of the ferro-
magnetic glass Fe40Ni40B20 was determined. It was found
that the value of A approximately does not depend on the
orientation of the primary beam with respect to the surface
for a fixed scattering angle (i? = 166°). Measurements of the
asymmetry of elastic scattering in the range Ep = 2—300 eV
and t? = 166° showed that the value of A depends in a com-
plicated way on Ep (A changes sign twice, while reaching
maximal values of — 1.5% in the region of 20 eV and +3%
in the region of 90 eV).

References 154 and 155 have studied in detail the polar-
ization effects that arise in scattering of electrons by the fer-
romagnetic glasses Fe40Ni40B2o and Fe815B14.5Si4. Figure
21 compares the data for these substances and the results
obtained for Fe (001). For the single crystal iron surface one
observes clearly marked diffraction effects, whereas the data
obtained for the two glasses are close to one another. An
analysis of the obtained results implies that the spin effects
that arise in scattering of electrons by amorphous ferromag-
netic substances can be treated from the standpoint of scat-
tering by a single atom corrected for the losses caused by
plasmons and the creation of electron-hole pairs.

d) Nickel oxide

The very first experiment to study the exchange interac-
tion was performed in 1968 by ordinary LEED methods.156

FIG. 1\. A (Ep) variation for a Fe (001) crystal and two ferromagnetic
glasses.154 1—Fe (001), (00) beam, angle of incidence 7°; 2—Fe40Ni40B20;
3—Fegl 5 B,4 5 Si, angle of incidence 0°, scattering angle & = 166°.

In studying the LEED patterns from the surface of the anti-
ferromagnet NiO (001), disappearance of reflection with
half-integral indices was observed at the Neel temperature.
Since the primary beam used in this study was unpolarized,
the scattered electrons were also unpolarized, since the total
magnetization of the Ni and O sublattices is zero.

Reference 157 presented the results of dynamical calcu-
lations of LEED from NiO (001) for different models of the
exchange potential. The effects of spin polarization in
SPLEED from the NiO (111) surface are discussed in Ref.
137 (the (111) surface consists of atoms of one type having
identical spin orientation). Detailed studies of the tempera-
ture-dependence of the intensity of the LEED patterns of
NiO (001) near the Neel temperature have made possible the
determination of the character of the change in the magneti-
zation of the Ni and O sublattices with the temperature.158 It
turned out that the intensity of reflections arising from the
exchange interaction, i.e., the change in the magnetization of
the sublattices, varies as (Tn — Tf. The value of 0 is
0.89 ± 0.02, which is somewhat higher that the theoretical
predictions implied by the Ising model (0.67) and the Heisen-
berg model (0.75).

5. SPIN POLARIZATION IN SECONDARY ELECTRON
EMISSION

The development of studies on secondary electron emis-
sion (SEE) has proceeded from measuring the SEE coeffi-
cient a (a is the result of integrating the distribution of secon-
dary electrons (SEs)/ (E, fi) over the energy and the angle of
emergence) to studying the energy distribution of the SEs
(which has allowed classifying the SEs into truly secondary,
and elastically and inelastically scattered electrons), and fin-
ally, to measuring the energy distribution of the SEs emerg-
ing at a definite angle, i.e.,/ (E, fl). The studies of/ (E, Ci)
showed that these relationships have a complex structure
and that the/ (E, fl) curves measured for different scattering
angles can differ considerably from one another. The prob-
lem of the spin polarization of SEs arose in interpreting the
fine structure of the/ (E, O) spectra obtained from W (001).
In Ref. 159 this structure is explained by spin effects and it is
proposed that spin polarization exists in the SEs owing to the
spin-orbit interaction. Thus a new method has arisen for
studying surfaces—polarization secondary-electron spec-
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troscopy (PSES), 16° which enables one to perform a complete
analysis of SEs, in energies, angles, and spin.

Calculations of the spin polarization of elastically and
inelastically scattered electrons require a detailed treatment
of the spin-dependence of the different mechanisms of in-
elastic losses, which has been presented in a set of theoretical
papers.161"169 We shall not take up in detail the description
of these calculations, but shall note schematically only the
fundamental results.

The most important types of interactions leading to en-
ergy losses in electron scattering are the electron-phonon
and electron-magnon interactions and the excitation of plas-
ma oscillations and electron-hole pairs. The electron-
phonon interaction is small in the SPLEED energy region
and does not depend on the spin. The electron-magnon inter-
action for magnetically ordered structures depends on the
spin and is manifested at low energies (~ 10 eV).'61"163 The
contribution of plasma oscillations to inelastic scattering ex-
hibits a weak spin-dependence, even for magnetized ferro-
magnets.164 The process of excitation of electron-hole pairs,
which is the most important mechanism of spin polarization
in secondary-electron emission from ferromagnets, has been
treated in a set of studies.165'166 The calculations of spin po-
larization have been performed under the assumption that a
primary electron with Ep < 50 eV can interact only with
electrons of the ferromagnet having the opposite spin orien-
tation.167 While the first calculations for Fe and Ni treated
the excitation of the 3d electrons, currently the main atten-
tion is being paid to excitation of the electrons of the lattice
core, i.e., the 3p electrons for Fe and Ni.150

Even the first experiment on spin polarization of SEE
from an unmagnetized Au (110) surface170 made it possible
to test a very simple model of SE formation. Figure 22 shows
the energy-dependence of the spin polarization of the SEs for
two scattering angles, which was compared with the calcula-
tions based on the model of two-stage scattering. In the scat-
tering of primary electrons by a conduction electron (elastic
collision of two spheres), the scattering angle t?, is unambi-
guously related to the energy of the electrons after collision.
In the second event of elastic scattering of an electron by the
ionic core of the crystal lattice through the angle i?2

(i?, + t?2 = # is the measured scattering angle), a spin polar-

ization of the SE arises, whose magnitude is found from the
tables for atomic scattering by Au. The high level of agree-
ment of the model calculations and experiment allows one to
consider that the fundamental mechanism of formation of
SEs in the studied energy region is two-stage in type.

In their next study171 the same authors measured two
components of the spin polarization of the SEs—Pe, which
lies in the scattering plane, and Pn, which is perpendicular to
it. They found a considerable longitudinal component of the
spin polarization, whose magnitude depended on the energy
of the SEs. They found that the profiles Pn (ESE)a.ndPe (ESE)
remain invariant upon changing the energy of the primary
beam over the range 400-1000 eV and varying the angle of
incidence, provided that the total scattering angle is con-
served.

In Ref. 172 the exchange polarization /*exch was mea-
sured of the electrons inelastically scattered by an Au (110)
surface with a primary-electron energy Ep = 500 eV and the
initial polarization P0. It was found that the ratio PCKtl/P0

measured for SEs of energy 0.1 <ESE /Ep < 0.2 is maximal for
SEs of minimal energy, and declines rapidly with increasing
E SE. The obtained results are treated on the basis of a simple
model of single collision of the primary electron with a con-
duction electron of gold.

The first study on spin polarization of SEs from magne-
tically ordered structures was carried out for Ni40Fe40B2o-26

Figure 23 shows a graph of the P (ESE) relationship. As we
see, the degree of polarization declines with decreasing ESE,
changes sign, and vanishes for true secondary electrons.

In contrast to these results, the measurements of spin
polarization in the case of scattering of primarily polarized
electrons by the magnetized amorphous ferromagnet
Fe81 5B145Si4,155'173 analogously to the photoemission
data,174 showed that the maximum polarization is observed
for the true secondary electrons. Thus, for Fe815B145Si4

with.E'p = 500 eV, the SEs withES E <0.5 eVhaveP~25%,
while for SEs of energy 25 eV we find P^l%. The degree of
polarization of the SEs of minimal energy exactly corre-
sponds to the spin polarization of the electrons in the con-
duction band. Reference 173 has noted the possible use of
spin polarization in SEE for constructing a scanning spin
microscope.

In analogous experiments175'176 performed for a magne-
tized Ni (110) surface, the character of the variation of P
(ESE) is as before, although the value /"max x. 17% obtained
for the SEs of minimal energy proved to be considerably
larger than the mean polarization of the electrons in the con-

100 ZOO

FIG. 22. Energy distribution of the polarization of secondary electrons
from Au (110)'™ (Ep =600 eV). a—-3= 139°, b—tf = 90°; 1—experi-
ment, 2—theory.

FIG. 23. Energy-dependence of the asymmetry of scattering of secondary
electrons from Ni4oFe40B20 (Ev = 97 eV, t? = 166")26.
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duction band of Ni (110) (~5.5%), while a series of maxima
and minima was distinctly manifested on the dropoff of the P
(ESE) relation. Both a general decline in the polarization of
the SEs and a change in the positions of the maxima and
minima on the P (E SE) curves occur in the case of adsorption
of oxygen and cesium on the nickel surface.

6. CONCLUSION

Study of the spin polarization combined with measure-
ments of the energy and angular distribution of the electrons
enables one to obtain full information on the electrons scat-
tered by a solid surface. The additional information on the
change in the spin state of the electrons resulting from inter-
action with the material has made it possible to examine on a
new, higher level the problem of interaction of electrons with
a solid, and to test models describing the geometric and elec-
tronic structure of the surface.

One can say that factual material on the spin-polariza-
tion effects that arise in the reflection of electrons from a
solid surface is being actively accumulated at present. How-
ever, the set of studied materials is as yet restricted. These
are the three representatives of materials of high atomic
number Z: tungsten, platinum, and gold, the ferromagnets
Ni and Fe, the ferromagnetic glasses Fe40Ni40B20 and
Fe8i 5B145Si4, the antiferromagnet NiO, and layers of Te
adsorbed on Ni. Apparently this set will expand consider-
ably in the very near future, not only in the region of materi-
als of high Z, but also with medium Z, since it is already
possible to measure the asymmetry of scattering of polarized
electrons in the range 1-3% with an accuracy amounting to
fractions of a percent.

The first SPLEED experiments have already shown the
high sensitivity of the polarization curves to change in the
scattering angle, the energy of the incident electrons, and the
cleanness of the surface being studied. This has facilitated
considerable progress in the technique of polarization ex-
periments as compared with the standard LEED method-
ology.

The theoretical calculations of the angular and energy
dependence of the polarization of scattered electrons have
also demonstrated the extreme dependence of the calculated
curves on the choice of the model of the scattering potential,
the magnitude of the displacement of the upper layer of the
surface, the shape of the surface potential barrier, etc. How-
ever, the comparison of the calculated data with experiment
in SPLEED is carried out by the trial-and-error method.
That is, one selects the parameters for the calculation that
yield the best agreement with experiment.

The fundamental difficulties in describing the scatter-
ing of electrons by a solid involve taking into account multi-
ple scattering and inelastic interaction. In dynamical
SPLEED calculations, multiple scattering is taken into ac-
count in two stages—in intralayer and interlayer scattering.
In contrast to atomic scattering, it gives rise to a component
of the vector P lying in the scattering plane. Therefore, from
the standpoint of manifesting the role of multiple scattering
in the interaction of electrons with a solid, experiments are of
undoubted interest in which one determines both the compo-

nent of the vector P perpendicular to the scattering plane
and that lying in it, and experiments to study the system of a
"heavy" layer of adsorbate on a "light" substrate, as was
first performed for the system of Ni (110) with (2 X 2) Te, and
studies on amorphous and polycrystalline materials.

A rather detailed description exists of the dependence
of the different mechanisms of inelastic interaction on the
spin state of the electrons, although there are as yet few ex-
perimental studies along this line. Apparently the detailed
study of these mechanisms will require further development
of the methodology of experimentation.

Thus, the determination of the dispersion of the surface
magnons responsible for the temperature-dependence of the
surface magnetization of ferromagnets requires consider-
ably better energy resolution of the PEs than that now exist-
ing. It is of considerable interest to compare the energy-de-
pendence of the polarization of the inelastically scattered
electrons with features on the energy distribution of the SEs,
since the appearance of such features involves turning on a
new mechanism of inelastic losses. Improvement of the fig-
ure of merit of PE sources would stimulate the development
of studies along this line.

The tungsten-light gases system has proved to be a rath-
er complex object for studying adsorption processes by the
SLEED method, since the adsorption of gases is accompa-
nied by reconstruction of the tungsten surface. One can al-
ready say that the specific features of adsorption of foreign
atoms on a crystal surface as revealed by the LEED method
is more complicated in character and does not encompass
the entire kinetics of the process, since in SPLEED one ob-
serves an inadequate alteration of the intensity and polariza-
tion curves upon adsorption. The system of a heavy adsor-
bate on a light substrate opens up extensive possibilities for
studying polarization effects arising in scattering of elec-
trons by a monolayer of a material. Experiments to study
condensed systems that do not reconstruct the surface, such
as noble gases on a cold substrate, seem to promise much.

Studies of recent years have shown that the polarization
of emitted electrons is completely general in character.
Beams of polarized photoelectrons have been obtained from
magnetized ferromagnets, from crystals of the cubic system
illuminated with circularly polarized light, and finally, from
nonmagnetic crystals upon illumination with unpolarized
light. Electron beams with a considerable degree of polariza-
tion arise in autoelectron emission (AEE) from ferromag-
nets. The suggestion has been advanced177 of possible AEE
of spin-polarized electrons from nonferromagnetic materi-
als. Reference 178 is of considerable interest, in which a
strong effect of auxiliary illumination on the polarization of
the emitted electrons was found in the study of AEE. Condi-
tions have been found179"181 under which polarization of Au-
ger electrons is possible. This has been found experimental-
ly182 in studying the magnetized ferromagnetic glass
Fe83B17.

A new method of study has appeared that combines
photoemission with the interaction of polarized electrons
with a solid-inverse photoelectron spectroscopy183'184 in
which one studies the radiation arising in the bombardment
of a surface with a beam of PEs. This enables one to get
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information on the structure of the energy bands and the
spin-dependence of the matrix elements of the transition of
the electrons in the solid. The dependence of the degree of
polarization of the light radiation on the polarization of the
bombarding electrons offers a possibility for constructing
PE analyzers of a new type.

In another method—spin-polarized electron-capture
spectroscopy,185'186 one studies the capture of a polarized
electron by a deuteron (nucleus of a deuterium atom) in the
glancing reflection of deuterons from a solid surface accord-
ing to the reaction: D+ + e = D°. Interesting data have been
obtained on the ferromagnetism of the upper atomic layer of
the antiferromagnet chromium.

A new methodology has been proposed in recent
years—diffraction of slow spin-polarized positrons.187'188

"The emittance e characterizes the possibility of transmission of the beam
through the electron-optical system: e = EpS(l, where Ep is the energy
of the electrons, Sis the area of the cross-section of the beam, and (I is the
solid angle within which the beam propagates.

2)In a Mott detector the beam to be analyzed is accelerated to 100 KeV and
directed onto a gold foil. The degree of polarization of the electrons is
determined from the readings of two detectors lying at angles of ± 120°
and measuring the intensity of scattering of the electrons by the Au foil
(see below, Fig. 5).

3)The analyzing power 5 of a detector equals the polarization P of a pri-
marily polarized beam that arises upon scattering of the electrons by the
surface of the detector.
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