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The spin polarization of electrons photoemitted from (110) GaAs by irradiating with circularly polarized light
of energy 1.5 & heu & 3.6 eU was measured by Mott scattering. The GaAs surface was treated with cesium and

oxygen to obtain a negative electron af6nity (NEA), The spectrum of spin polarization P(hem) exhibits a peak
(P = 40%) at threshold arising from transitions at I, and positive (P = 8%) and negative (P = —8%) peaks at
3.0 and 3.2 eV, respectively, arising from transitions at L (A). Anomalous behavior, consisting of a
depolarization at threshold and an increase and shift in the peak polarization to 54% at 1.7 eV, is attributed
to a small positive electron a%nity (PEA) characteristic of some samples. Restriction of the photoelectron
emission angle by the PEA leads directly to the anomalously high P. Results of calculations show that P
cannot be increased above 50% for emission arising from transitions at I in NEA GaAs. Our detailed
interpretation of the spectra indicates how spin-polarized photoemission can be used to study the spin-

dependent aspects of electronic structure. The outstanding qualities of NEA GaAs as a source of spin-

polarized electrons are discussed and compared with other sources.

I. INTRODUCTION

In recent years, spin-polarized photoemission
measurements have proven to be very valuable in
studying magnetically ordered materials. ' In this
paper we present an in-depth discussion of the
first measurements of spin-polarized photoelec-
trons from a semiconductor which is not magneti-
cally ordered. We have previously given brief re-
ports of our measurements of GaAs which show (i)
the value of spin-polarized photoemission as a
probe of the spin-dependent electronic structure of
a nonmagnetic material' and (ii) the potential of
negative-electron-affinity (NEA) GaAs as a source
of spin-polarized electrons. '

An overview of the principles of spin-polarized
photoemission measurements of nonmagnetic ma-
terials is given in Sec. II. Basic symmetry con-
siderations provide a framework for comparing
polarized photoemission measurements from ma-
terials with and without magnetic order. The spin
polarization is created in the nonmagnetic material
in the optical excitation process as a result of the
selection rules for transitions produced by circu-
larly polarized light. By appropriate surface
treatment, the vacuum level of GaAs can be low-
ered so that even electrons at the conduction-band
minimum can be emitted. The polarization of the
photoemitted electrons may be less than that calcu-
lated from the selection rules if there is spin re-
laxation during the emission process. The exper-
imental procedures specific to the results of this
work are discussed in Sec. III.

In Sec. IV we discuss the measured photoelectric
yield and the spectrum of spin polarization P(h&o).
Spectra of spin polarization from nonmagnetic ma-

terials exhibit structure due to the spin-orbit split-
ting of the electron energy bands. The spectrum
from GaAs can be understood in detail in terms
of the band structure of GaAs, which is well
known. From this example, we see the kind of
new information we could obtain from a less well
known material. For GaAs, we find a high P of
40% at threshold, S&o-1.5 eV, due to transitions
at 1 . P decreases for excitations away from k = 0
at slightly higher S~ owing to the changing of the
wave functions, particularly for electrons in the
light-hole band. As the photon energy is increased
above the onset of emission from the spin-orbit
split-off band, P gradually decreases to zero.

Two anomalous spectra exhibited a low polariza-
tion at threshold, a shift in the position of the
maximum P to A~ = 1.7 eV, and an increase in the
maximum P to 54%. These phenomena can be ex-
plained by assuming that a small positive electron
affinity (PEA) was obtained for these samples. We
show that when the emission of the electrons is
confined to a cone about the surface normal and
light direction, as in the case of a PEA surface,
a polarization greater than the NEA theoretical
maximum of 50%%uo is possible. The calculation also
shows that the maximum P to be expected from an
NEA surface if 50% even if it were possible to iso-
late transitions from the heavy-hole band.

Transitions of [111jsymmetry (L, A) give rise to
a positive and negative peak each with P -

8%%uo at
S~= 3.0 and 3.2 eV, respectively. The difference
between the shape of structure in the spectrum due
to these transitions and those at I' is explained by
the relatively parallel energy bands near L (A).
Because of the anisotropy of the excitation and of
the direct emission at L, it is expected that the
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polarization due to these transitions depends on
the crystal face from which the emission is ob-
served. Thermalization of excited electrons into
L or X minima as well as intervalley scattering
change the polarization from that calculated for
direct emission.

A good source of spin-polarized electrons has
been sought for many years. The use of NEA
GaAs as a source of polarized electrons has been
proposed previously. 4 In Sec. V we describe
briefly the criteria for a good source of polarized
electrons and discuss NEA GaAs in light of them.
The GaAs source is then compared to the best
other sources of polarized electrons currently
available. It is seen that the GaAs source com-
bines simplicity with unmatched efficiency.

II. PRINCIPLE OF THE EXPERIMENT

A. Symmetry considerations

A simplified schematic diagram of the spin-po-
larized photoemission experiment is shown in
Fig. 1. Light of photon energy her impinges on the
sample surface, and electrons are photoemitted.
Instead of measuring the intensity of emission as
a function of electron kinetic energy as in conven-
tional photoemission experiments, we measure
the electron spin polarization, typically as a func-
tion of photon energy. The electron spin polariza-
tion is defined as

N4 -Nk
Xf+N 0 '

where N4(Nf) are the numbers of electron magne-
tic moments parallel (anti parallel) to a preferred
direction.

The spin, like an angular momentum L= r &&p, is
an axial vector which does not change sign under
a parity operation (x - -x, y - -y, z - -z). A

quantity which produces a spin polarization or
which defines a preferred direction with respect
to which P is measured as in Eq. (1), must there-
fore be an axial vector also. In the case of a mag-
netically ordered material, such as ferromagnetic
Fe, the magnetization M specifies the polarization.
Experimentally a magnetic field H is applied to
align the domains and determine the direction of
M. In the case of a nonmagnetic solid, the elec-
trons are oriented in the optical excitation pro-
cess with circularly polarized light. The pre-
ferred direction is given by the angular momentum
of the cA cularly polarized light.

The polarization is measured by Mott scattering
as indicated schematically in Fig. 1. The longitu-
dinal polarization (P along the electron momentum)
is changed to a transverse polarization by a 90'

SAMPLE

Au FOIL

FIG. 1. Schematic of the spin-polarized photoemission
experiment showing the light &~ incident on the sample
giving rise to a longitudinally polarized beam which is
transported by electron optics, deflected 90' to obtain a
transverse polarization, and accelerated to 100 ke7 for
Mott scattering from the Au foil. The left-right scatter-
ing asymmetry gives a measure of the polarization.

deflection of the beam. The electrons are then ac-
celerated to 100 keV and scattered from a thin
gold foil. The scattering cross section depends on
the spin direction with respect to the normal n to
the scattering plane,

o(8) = o,(8)[1+S(8)P ' n), (2)

where 11= k && k'/I k x k'
I is an axial vector as re-

quired; k and k' are the wave vectors of the inci-
dent and scattered electrons, respectively. The
left-right asymmetry in the scattering arises
from the interaction of the electron spin with its
orbital angular momentum as it scatters from the
gold nucleus. The degree of scattering asymmetry
is given by the Sherman function, ' S(8), where
S(8) =0.39 for scattering of 100-keV electrons at
I9=120 from an infinitely thin gold foil.

B. Optical orientation of spins

In atomic physics, the orientation of electron
magnetic moments by means of irradiation with
light of suitable polarization has been used for a
long time. ' One distinguishes between orientation
in the excited state and orientation in the ground
state. Sometimes only the latter is called "optical
pumping". In our experiment, we use this term
for the orientation of the magnetic rnornents in the
excited state.

An overpopulation of a certain spin direction in
the excited state can be achieved by making use of
the combined effects of selection rules and inten-
sity ratios of the various energetically possible
transitions. For an atom, owing to its full rota-
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SI/2
fy)j = —I/2 ~j e+)/2

tional symmetry, these quantities can be calculat-
ed in a reasonably straightforward manner. In a
solid, where the wave functions are assumed to be
of the form 4~=u~e'~" the problem is generally
much more difficult. However, at certain points
of the Brillouin zone it is still possible to get a
clear picture of the transition processes, as will
be seen from our discussion of GaAs.

GaAs has the zinc-blende structure, in which the
lattice consists of two interpenetrating fcc lattices,
one occupied by Ga and the other by As ions. We
know from experiment and band-structure calcula-
tions for GaAs that the wave functions at the val-
ence-band maximum and conduction-band minimum
have P and s symmetry, respectively. At I',
where k is zero, the symmetry of the point group
is not reduced. In particular, for a cubic crystal
the p levels at F are not split by the crystal field. '

What is absolutely essential for the optical pump-
ing process is that the spin-orbit interaction does
split the sixfold degenerate p band at I' into a four-
fold degenerate P,&, level and twofold degenerate
P», level which lies &=0.34 eV lower than P,&,.'
Figure 2 shows the energy bands at I' on the left
and the degenerate states labeled by their m&

quantum numbers on the right along with the rele-
vant transition probabilities.

A second very important fact is that GaAs is a
direct-gap semiconductor with the minimum band
separation E at I'. Therefore, when Sco&E~, only
transitions between states of well-defined angular
momentum, characteristic of F, are induced.
Other transitions are energetically impossible.

The production of spin-oriented electrons in the

conduction band occurs as follows. Consider the
case in which the sample is irradiated with o' cir-
cularly polarized light' (light angular momentum
in light directionk). From the selection rule, only
transitions with &m& = m& —m; = 1 are allowed; the
angular momentum of the light defines the quanti-
zation axis. For light of energy I ~-E~, the al-
lowed transitions are from mz = -2 (valence band)
to m~= -2 (conduction band) and from m~= -2 to
m&=+ &. The net polarization is given by the tran-
sition probabilities of these two transitions.

The relative transition probabilities can be ob-
tained by calculating the matrix element of the
transition (4& IH„, !4',), where H„,~X+fY for o
light. The angular and spin part of the wave func-
tion" is given for each state in Table I. The radi-
al part of the wave function enters our calculation
in ratios of radial matrix elements which cancel.
The wave functions can be written in terms of the
spherical harmonics Y, by replacing (X+fY)l~&,
(X —i Y)M2, and Z by Y,~

„—Y, „and -Y, 0, re-
spectively, again ignoring the factors of r. Writ-
ing the wave functions in terms of the spherical
harmonies, we easily find that

I (k, a I Y„,I a, -a) I'

Note that the electron spin does not change in the
transition. As the photon energy is increased so
that transitions are possible from the split-off
valence band, for example, from I &, -&) to I &, &)

with o' light, P decreases to zero since these tran-
sitions come in with a relative intensity of 2. A
more detailed discussion of the spectral variation
of the polarization is given in Sec. IV, where the
experimental results are discussed.

Away from the center of the Brillouin zone, the
wave-function symmetry is determined by the

E&= I.52eV
TABLE I. Angular and spin part of the wave function

at r.

~3/2
mj=-3/2

Nj "--I/2

LTD
=+3/2

fYlj =+ I/2

Symmetry
point Wave function

FIG. 2. On the left, an E-vs* diagram of the energy
bands of GaAs near k = 0 shows the energy gap E~ and
the spin-orbit splitting 6 of the valence bands. The de-
generate states at 4 = 0 are labeled on the right by their
m~ quantum numbers. The allowed transitions for cr '
(Lm& =1) and 0 (A~& =-1) circularly polarized light are
shown by the solid and dashed lines, respectively. The
circl,es numbers represent the relative transition proba-
bilities.

I'z

2' 2

1)2'2

2' 2
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point group of the crystal and the symmetry group
of the k vector. At certain points on the surface
of the Brillouin zone, symmetry-induced degener-
acy of the energy levels is still possible. The
spin-orbit splitting at the I. point is observed in
the spectra which are discussed in Sec. IV.

C. Lowering the vacuum level

Optical orientation of electron spins in the con-
duction band was first observed by Lampel" in
1968 by measuring the effect of the oriented car-
riers on the nuclear magnetization. Subsequently,
orientation was detected by Parsons" for GaSb in
a luminescence measurement. When the polarized
electrons recombine, the emitted light is also po-
larized. Luminescence measurements of" "
GaAs substantiate the above analysis of the polari-
zation at the 1 point. A recent review of the lumi-
nescence work has been given by Lampel. "

In contrast to the luminescence measurement,
information about the electrons at the conduction-
band minimum is not usually accessible in a photo-
emission measurement. Recall that the final state
in the photoemission process must be above the
vacuum level for the electron to be photoemitted.
Fortuitously, in GaAs the electron affinity X (the
energy difference between the vacuum level and
the conduction-band minimum in the bulk) can be
decreased to zero and even made negative. While
a negative electron affinity is not required for the
observation of spin-dependent band structure at
points other than the conduction-band minimum,
it has important consequences for GaAs as a high-
intensity source of spin-polarized electrons.

For a high-intensity source of photoelectrons,
one wants to maximize the quantum efficiency or
yieM, defined as the average number of electrons
photoemitted per incident photon of energy Sco.

Scheer and van Laar" specified the band-structure
properties of a high-yield photoemitter and showed
that properly treated GaAs meets the requirements
almost ideally. For maximum yield at low Sro,
the photoemitter must have an energy gap E . In
metals, photoexcited electrons of any energy can
scatter inelastically with an electron below E& to
produce an electron-hole pair and lose sufficient
energy so as not to be photoemitted. In a semi-
conductor on the other hand, an electron must be
excited at least an energy E~ above the bottom of
the conduction band (K~& 2E~) for pair production.
For Ice& 2E~ electron scattering with optical pho-
nons still limits the the mean free path of the ex-
cited electron to the order of 100 A. Since the
penetration depth of the light is much greater than
this, an excited electron can be scattered many
times and lose sufficient energy so as to be below

the vacuum level.
Clearly it is desirable to lower the vacuum lev-

el as far as possible. Scheer and van Laar found
that it was possible to reduce the electron affinity
from the -4 eV of a clean GaAs surface [Fig. 3(a)]
to about zero [Fig. 3(b)] by applying Cs to p-type
GaAs. The Cs gives up an electron and a dipole
layer is formed. If the GaAs surface is covered
with layers of both cesium and oxygen, it is pos-
sible to achieve a negative electron affinity, as in
Fig. 3(c). The nature of the Cs-0 layer is a topic
of current research. " " It is believed that the
activating layers have compositions on the Cs-
rich side of the stoichiometric compound Cs,O,
which is a semiconductor. Depending on the de-
gree of Cs excess, the activating layer ranges
from a semiconductor which forms a heterojunc-
tion with the GaAs [as shown in Fig. 3(c)] to a
metal which forms a Schottky barrier. " In the
heterojunction activation mode, the relevant bar-
rier is the heterojunction barrier, which remains
1.1 eV above the valence-band maximum.

The key feature of the NEA is that the photo-
electron escape depth is now limited by the prob-
ability of recombination of the thermalized con-
duction electrons with valence-band holes. In
other words, the escape depth corresponds to the
diffusion length for thermalized electrons (-10'A)
rather than to the hot-electron scattering length
(-10'A). The photocurrent from an NEA emitter is
therefore much larger than from the same emitter
without NEA.

The art of activating GaAs photocathodes has

CONDUCTION
BAND

—--FF ~ EF F

Ga As

(a)

Vac GaAs Cs Vac GaAs

(C)

Csg Vac

FIG. 3. Energy bands near the surface (E vs z) in
P-type GaAs with different surface treatments: (a) clean
GaAs with a high electron affinity; (b) GaAs with a layer
of Cs, leading to an approximately zero electron affinity;
and (c) GaAs with Cs-0 treatment to produce a negative
el.ectron affinity.
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been well developed. " Typically, the application
of a Cs layer to the clean surface until the photo-
current is maximized is followed by alternate
treatments of 0 and Cs [written hereafter as
(OCs)"]. A maximum escape probability has been
reported for n = 5 corresponding to a Cs-0 layer
-10k thick. "

nescence measurements we know that ~, & 7,.
However, a word of caution is in order. We have
not taken into consideration possible spin-flip scat-
tering at the surface. If a fraction g of the up
(down) spine is scattered into down (up) states, the
measured polarization P is related to that in the
bulk by

D. Photoemission and spin relaxation
P = (1 —2i;)P. (10)

The degree of polarization of the photoemitted
electrons may differ from the 50% value calculated
in Sec. II 8 if the electrons undergo a spin-flip
scattering process before being photoemitted. The
spin-flip scattering processes determine a spin
relaxation time 7,. The average lifetime of the ex-
cited electrons in the bulk before photoemission is

. In the case of a negative-electron-affinity
photoemitter, the electron recombination time 7,
determines the diffusion length and hence 7',.
7', defines the decay of the difference in spin popu-
lations when the light is switched off:

The total number of excited electrons N also de-
creases as the electrons are photoemitted or re-
combined:

N(t) = Noe (5)

The decay time ~ of the magnetization M,
= g(Nf -N4) = i/NP is seen from the time depen-
dence of the magnetization

M(f) M e t(1/&g+1/&Pg)
0

to be r=r, r„/(r, +r„)
Now for the case of equilibrium pumping condi-

tions we have

dNO ) ) N4 -Nt N4

dt 2 7',

dNt ) Nt -N0 Nt
dt 2 t T

where C0, C0 are the production rates of 4 and 0

electrons. One obtains for the initial polarization
Po

C4 —C4 (Nt Nt)/r + (Nt —Nf)/A, —
C%+ Ct 0 (Nf+Nt)/v',

so that

Nt -N$ t
N4+ Nt 7,+7'~

At this point one might be inclined to take the re-
sult of the experiment for granted since 7'

(the electrons are emitted) and since from lumi-

Previous work on cesiated Ni and Co showed that
for cesium coverages from half to one monolayer
the polarization at threshold decreased to zero. "'~
It remains to measure what happens to the elec-
trons photoemitted from GaAs as they pass
through the Cs-0 layer.

III. EXPERIMENTAL PROCEDURE

The measurement of electron-spin polarization
by Mott scattering has been described in detail in
earlier papers reporting results from magnetically
ordered materials. '"~ Here we discuss pri-
marily the preparation of the GaAs sample, and
the optics for the circularly polarized light, both
of which differed from previous experiments.
Figure 4 shows a schematic overview of the ap-
paratus which consists of three main parts: (ij
the sample preparation chamber, (ii) the photo-
emission chamber where the photoelectrons are
also formed into a beam, and (iii) the 100-keV
linear accelerator and Mott scatterer where the
polarization is measured. The superconducting
magnet (No. 4) was removed for these measure-
ments. The cryostat was nevertheless filled with
liquid He and acted as a cryopump.

The small auxiliary chamber (tfo. 17) serves
both as a vacuum interlock and as a sample pre-
paration chamber. It is separately pumped and is
connected to the main chamber by a straight-
through uhv valve (No. 15). New crystals can be
loaded into the storage wheel (No. 7) of the photo-
emission chamber without breaking the photoemis-
sion-chamber vacuum. They are first loaded into
the movable carriage (No. 16) and the small cham-
ber is pumped down and baked out. The valve to
the photoemission chamber may then be opened
and the crystals transported by a rack and pinion
and placed with the cleaving gripper (No. 13) into
the storage wheel. The activation of the samples
can be carried out in the preparation chamber
without exposing the photoemission chamber to
cesium and oxygen. For the GaAs measurements,
the sample preparation chamber was outfitted with
Cs channels, an oxygen leak, and a provision for
measuring the photocurrent of a sample during ac-
tivation (not shown in Fig. 4).

The GaAs crystals studied were p-type doped
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PHOTOEMISSION

SAMPLE PREPARATION

POLARIZATION

MEASUREMENT

G 4 S h t diagram of the apparatus: 1, Movable He cryostat with sample gripper; 2, He cryostat; 3, lxquxdFIG. . c ema xe
'

g
~

' ', , ~ le wheel withnitrogen; 4, supercon uc ng co&;, sad ti '1 5 mple in measuring position; 6, accelerating electrodes; 7, rotatab
samples; 8, parallel beam rs;, p ne em shifters 9 lane condenser; 10, cylindrical condenser; 11, aperture; 12, light source;

linear motion.13, gripper or c cavu@-;;, e eamngf 1 vms, ; 14 1
' mec&~»sm 15, ultrahigh-vacuum valve; 16, rack-and-pinion linear mo on;

17, sample preparation chamber;, con-ge r pumcha b; 18 ' — tte pumps. 19 seven-stage accelerator; 20, gold foil; 21, detectors to
measure Mott asymmetry; 22, forward detectors to monitor beam.

with 1.3 x 10"cm"' Zn. They were purchased" as
5 && 5 x 10-mm' single crystals which we cut into
2.5 & 2.5 x 5-mm' pieces such that one of the faces
was the (110) cleavage plane. The crystals were
fastened either mechanically or with silver paint
into holders suitable for the grippers (No. 1 and13).

The activation of the GaAs surface proceeds as
follows. A crystal is cleaved between the blade
and the anvil (No. 14). It is then immediately low-
ered into the movable carriage and transported to
the sample preparation chamber for activation.
There Cs is evaporated from a Cs-metal dispen-
ser" for such a time that the photocurrent pro-
duced by the light of a 2- W incandescent lamp
reaches a maximum. Oxygen" is then admitted at
a pressure of 2 & 10 ' Torr until the photocurrent
decreases to about half its value. Subsequent
cesiation brings the photocurrent to a new maxi-
mum. Depending on the desired number of layers,
these procedures are repeated. A typical oxygen
exposure was 0.6 langmuir (1 L= 10~ Torr sec).
The gas composition in the preparation chamber
could be analyzed and recorded with a Vacuum
Generators quadrupole mass spectrometer. The
base pressure in the preparation chamber was
6 x 10~ Torr. After finishing the surface treat-
ment, the crystal is moved back into the main
chamber where the sample gripper lifts it to the
measuring position. The base pressure during
measurement was 3 x 10 "Torr.

Circularly polarized light was produced in a

standard way. The light from a mercury-xenon
arc lamp (Hanovia 901B-1)was monochromatized
using a Zeiss M4QIII monochromator. Subsequent-
ly it passed through a polaroid linear polarizer
and a variable retarder of the Soleil-Babinet type
to produce the circular polarization.

The measured spin polarization can be corrected
for the imperfect circular polarization of the light
in the following way. Generally, the light trans-
mitted by the retarder is not completely circularly
polarized but is elliptically polarized. Elliptically
polarized light can be decomposed into 0' and o circu-
larly polarized light of intensityI, andI . The circu-
lar polarization is defined as P„=(I, -I )/(I, + I ). We
did not measure I, and I directly, but measured the
light transmitted by a linear polarizer located behind
the retarder. When the linear polarizer is rotated
by 2n, the intensity goes through maxima I and
minima I . One finds for the degree of circular

mist

polarization P„=2(1 „I )'I'/(I „+I ). The var-
iability of the Soleil-Babinet retarder enabled us
to maintain P„&99%. The previously published
values of spin polarization (Refs. 2 and 3) were
10%0 too high owing to an improper correction for
the degree of circular polarization of the light.

IV. RESULTS AND DISCUSSION

The spectra of spin polarization P(K&o) were mea-
sured on seven different samples. Some measure-
ments of P(@au) were made as a function of temper-
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ature and as a function of Cs and 0 coverage. In
addition the yieM was measured at least once for
each sample.

A. Photoelectric yield

The yield of electrons per incident photon is use-
ful in characterizing the prepared sample surface.
A typical yield from one of our treated GaAs sam-
ples is shown as curve (a) in Fig. 5 compared to
the yield of an optimized photocathode" shown as
curve (b). Curve (a) was measured at T ~ 10K and
its threshold is therefore 0.1 eV higher than that of
curve (b), which was measured at room tempera-
ture. The yield from our sample increased more
slowly at threshold and remained lower in magni-
tude than that of an optimally treated GaAs surface.
This can be traced to the marginal vacuum
(6 x 10~ Torr) in the preparation chamber and per-
haps to contamination from the Cs channels. Simi-
lar effects have been observed by Baer'4 on sam-
ples intentionally aged before Cs and 0 treatment.
The yield curves show that at least a zero electron
affinity was obtained on our samples in all but two
cases where we believe the electron affinity was
slightly positive. Except for these two cases,
which exhibit some interesting features discussed
in detail below, we do not believe that the fact that

our samples were not optimal photocathodes signi-
ficantly influences the spectra of spin polarization.

B. Spectrum near threshold

The spectrum P(K(d} measured on a sample at
temperature T «10K is shown in Fig. 6. The rec-
tangular fields represent the uncertainty in the
measured points. The polarization has a maxi-
mum of 40%%uo at threshold, in agreement with lumi-
nescence measurements of Ekimov and Safarov. '4

This agreement is not unexpected, because for a
negative-electron-affinity photoemitter the photo-
emission time 7', is governed by the electron re-
combination time 7„ that is, w„= w, . The polari-
zation is less than the theoretical value of 50% if
the spin flips before the electron is emitted, a pro-
cess characterized by the emission time w„and
the spin relaxation time 7, according to Eq. (9).
Spin exchange scattering is also possible in the
Cs-0 layer. In preliminary tests of the effect of
thicker Cs-0 layers, the maximum P in the case
of GaAs+ Cs(OCs)' was 33%%uo.

For h+&E~+ ~, the polarization decreases to
zero as emission from the split-off valence band
with P = -100%%ua is mixed in. In a first approxima-
tion of parabolic bands and matrix elements inde-
pendent of k, the excitation probability N)((d) for
the split-off band is

I I I I I I I I I I I I I I

BELL AND SPICER

w, (v) f (*) lM l'()(2x(2) 2&(2) "'
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FIG. 5. Photoelectric yield {a) of GaAs+ Cs{OCs)~
measured at T ~ 10 K, and {b) of an optimized photocat-
hode measured at room temperature {Ref. 33). The
high yield {b) of an optimized photocathode makes GaAs
the best known photoemitter.

FIG. 6. Spectrum of spin polarization from GaAs+
CsOCs at T ~ 10 K [the same sample and conditions as
curve {a) of Fig. 5] . Note the high value of I'=40% at
threshold +~-1.5 eV) and positive and negative peaks
at 8~=3.0 and 3.2 eV.
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and for the upper valence bands

w, (u)) ~Q ~M„~'(p, )' '(K(o E-)' ', (12)
I.O—

where p, , is the reduced mass between the effective
mass of the conduction band and the effective mass
of the ith valence band, 1/Ij, ,= 1/m", + 1/m*„and
M„ is the matrix element of the electromagnetic
interaction coupling the ith valence band and the
state of spin a of the conduction band. The de-
crease of the polarization to zero is not abrupt be-
cause the onset of transitions from the split-off
band varies as (R&o E —4—)'I'.

There is also a slight decrease in P above thres-
hold before the onset of emission from the split-
off band. An exact calculation of the variation in
P as a function of S~ should include the changes
in wave function away from k= 0." For the pur-
poses of interpreting our spectra, we can use the
wave functions calculated by Kane" in the k' p ap-
proximation. From Eq. (14) of Ref. 10 we have the
wave functions of the conduction band, heavy- and
light-hole bands, and split-off band, labeled 1-4,
respectively;

0.8

0.6

0.4—

0.2—

4( „=a;Sk+ b, [(X-fY)t/W2]+ c(Z t,
4, 8= aS4+ b, [-(X+fY)4/~~2]+cZN,

(13a)

where i takes the value 1, 3, or 4, and for the
heavy-hole band

b(, c)—

2

k (atafnic units )

I

5x)P4

42O = (X+ iY)4/W2

4&= (X —iY)t/0 2
(13b} FIG. 7. Coefficients a&, b;, and c; of Eq. {13a)calcu-

lated for the conduction band {i =1) and the light-hole
valence band {i =3) for

smally�.

The coefficients a„b„c&reduce at k = 0 to the
values given in Table I. In the region around k= 0
they depend on k and can be calculated using the
approximations given by Kane [Eqs. (12}and (15)
of Ref. 10] and the effective masses for GaAs
which are ~m*, /m=0. 067, m*,/m=0. 62, m*,/m
= 0.074, and m ~~/m = 0.15. Figure 7 shows the co-
efficients for the conduction band and the light-
hole band. Note that while the heavy-hole band is
independent of k as one moves away from k = 0,
there is an increasing admixture of s wave func-
tion in the light-hole band and an increase in b3
relative to e,. This leads to a k-dependent de-
crease in the polarization over the region E~ & Iu
&E~+4.

At first glance it seems that if we could isolate
the transitions from the heavy-hole states, which
from Eq. (13) correspond to the wave functions

I ~, &) and I &, -&) of Table 1, we could achieve a
polarization of 100%. Moreover, from Eq. (12) it
is apparent that the transition probability from the
heavy-hole band is higher than from the light-hole

band owing to the larger effective mass and result-
ing higher density of states, which according to
the foregoing argument should lead to a higher P.
The fallacy in such reasoning is that the wave
functions of Eqs. (13) take this simple form only
along a single direction in k space. Owing to the
symmetry at I', this single direction is arbitrary.
At other symmetry points in the Brillouin zone,
the wave functions take a simple form only if the
direction is a symmetry axis (see Sec. IVD).

We are interested in the matrix elements
($&I H„, I P,), where H„~ isproportionaltoX+iY for
o light in a coordinate system in which the s direction
is defined by the angular momentum of the circularly
polarized light. In general, the light is not inci-
dent along the direction which specifies the coor-
dinate system in which the wave functions take a
simple form. To calculate the matrix element we
express the wave functions in a coordinate system
defined by the angular momentum of the light by



5492 DANIEL T. PIERCE AND FELIX MEIER

lM, & l'- IM, ~ l'

IM Ol'+ lm tl' ' (14)

where the minus sign appears because we defined
P in Eq. (1) in terms of the electron magnetic mo-
ments, and

rotating the spatial and spin parts of the wave
function.

The polarization is calculated by summing the
transition probabilities to states with spin parallel
and antiparallel to the quantization axis over the
appropriate directions in k space. The polariza-
tion resulting from the ith valence band is given
in terms of the matrix element M„as

50—

o~ 40—

30-
O

zo-
CC l0-

cL 0

Ola
I '~

1

o

i

1

s

CD CD C)

/&
utD

CD

& &I'=f " 'I& & &I I~a&l' (15)

for excitation to the final state $4(t) with spin
parallel 4 (antiparallel 0) to the angular momen-
tum of the light. The prime in the angular integral
denotes an integration over a particular region of
k space. The appropriate region of A space for
NEA GaAs is the whole space since even electrons
initially excited into a state where they move away
from the surface may finally escape because of
multiple scattering. One finds P, = 50% for i cor-
responding to the heavy-hole band. Thus in photo-
emission from NEA GaAs it is not possible to in-
crease the polarization above 5 by limiting ex-
citations to the heavy-hole band. This result has
been discussed in connection with luminescence
experiments by Fishman. ~ Calculations for lumi-
nescence show that I', corresponding to the light-
hole band and split-off band is 50% and -100%, re-
spectively. "'"

C. Anomalies in the spectrum near threshold

The spectra from two of the seven surfaces
studied behaved anomalously near threshold. Two
new features were observed, as shown in Fig. 8.
First there is the depolarization at threshold.
Second, the maximum attains a value of 54%, higher
than the theoretical maximum and, in addition, oc-
curs at a higher photon energy than in Fig. 6. We
suggest that this behavior is consistent with these
two surfaces having a slightly positive rather than
a negative electron affinity. While the yield curves
measured for these two surfaces had a shape like
curve (a) of Fig. 5, they were shifted about 0.1 eV
higher in energy, supporting the idea that the elec-
tron affinity was positive for these surfaces.

The situations for positive and negative elec-
tron affinity are compared schematically in Fig.
9. In the case of a negative electron affinity,
electrons in the conduction-band minimum can es-
cape into vacuum and are, in fact, accelerated as

I.O 2.0
I

3.0 4.0

they pass through the band-bending region and
travel through the Cs-0 layer with high velocities.
In contrast, in the positive-electron-affinity
(PEA) case, electrons at the conduction-band min-
imum cannot escape into vacuum. Higher photon
energies are required so that the electrons have
sufficient energy to escape over the vacuum level.
At threshold, photoelectrons have nearly zero en-
ergy and travel slowly through the Cs-0 layer.
Such electrons have a much higher probability of
scattering in the Cs-0 layer. It has been experi-
mentally demonstrated in atomic physics experi-
ments that spin-exchange scattering from alkali
atoms is very large and increases rapidly as the
electron energy decreases. " If the Cs-0 activa-
tion layer is not stoichiometric Cs,o but has a Cs
excess as suggested by Clark, these cesium
atoms provide the means for spin-exchange scat-
tering of the low-energy electrons leading to the
depolarization observed in Fig. 8. The depolari-
zation at threshold and the fact the photon ener-
gies greater than E~ are required for emission in
the PEA case also explain the shift in the maxi-
mum of the polarization to higher energy.

The maximum value of P = 54% is a consequence
of the PEA restricting the emission directions to
a cone of haU-angle 8, about the normal to the
surface. In a quasiclassical picture, an electron

PHOTON ENERGY (eV)

FIG. 8. Spectrum of spin polarization from GaAs+ Cs-
OCs measured at T& 10 K. This is one of two surfaces
vrhich exhibited the anomalous behavior of (1) depolari-
zation at threshold, (2) maximum P& 50%%uo, and (3) a shift
of the peak to higher photon energy. These features can
be explained by a slight positive electron affinity at the
surface.
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E

r~
(sl

GaAs

Lw

Cs-0

-X, so we can as well write T,(v). The angular
integral of Eq. (15) is restricted to the limited
solid angle into which emission occurs. The po-
larization from the heavy-hole band is therefore
no longer 50% but lies between 50% and the limit-
ing case of 100% for emission only along the quan-
tization axis."

In calculating the polarization, since P, from the
light- and heavy-hole bands are no longer the
same, we must take into account the difference in
the transition probabilities from the heavy- and
light-hole bands [cv,(u&) and cv, (to)], and the differ-
ence in the escape functions [T,(&o) and T,(v)] for
electrons excited from the two bands with a given
S~. In adding the polarization P, from each band
to obtain the total polarization P we have

l
r
~-

e—

(c)

Y
PI = P]I), (17)

where the photocurrent from the ith valence band

I, ~w, (ra}T,(ur) and the total current I =BI&. For
I~&Et+ &, where we have emission only from the
heavy- and light-hole bands (i = 2 and 3), the spin
polarization is

which escapes must have momentum p~= p cose
normal to the surface such that p2/2m&x. Conse-
quently, the escape cone half-angle 8, = cos '[(2m'/
p')'~']. For isotropic excitation, the escape prob-
ability T(E) is just the fraction of electrons in the
cone of electrons having sufficient energy to over-
come the surface barrier,

1 csos e
T(E)=

4n' d0=2 1—

(16)
where E is the kinetic energy of the electron with
respect to the vacuum level. [This approximation
for T(E) ignores quantum-mechanical reflection
at the surface barrier' or trapping in surface
states, "which even for NEA GaAs reduces the
escape probability of the threshold electrons to
about 30%.] In the parabolic-band approximation,
which we have been using near k= 0, the kinetic
energy is related to Kto as E = (p, /m*, )(I+ —E~)

FIG. 9. Photoemission from positive- and negative-
electron-affinity GaAs compared in three different spaces:
(a) F- vs k, (b) E vs z, and (c) z vs y. The dashed line
corresponding to the positive-electron-affinity case re-
presents the vacuum level E„+ in (a), and the surface
barrier in (b); these result in the electron emission be-
ing confined to an escape cone in the material (c) and the
electrons losing energy at the surface. In contrast, in
the NEA case the electron emission is not confined to a
cone in the material and the electrons gain energy on
emission.

P,(&u) T,(~)cv,(&o) +P,(~)T,(~)m, (&o)

T,((o)w, ((o)+ T,((o)u,((o)

We consider an example to illustrate how a po-
larization greater than 50% is obtained. For K&u

=E~+0.15 eV, electrons excited from the heavy-
and light-hole bands have energies X+E with re-
spect to the conduction-band minimum of 135 and
78 meV, respectively. If we take y to be 68 meV,
for example, then T,=0.146 and T,=0.035, and the
corresponding escape cone half-angles are 45' and
21', respectively. Performing the integral of Eq.
(15) for the heavy-hole band over the region bound-
ed by 8, = 45' and using Eq. (14}we find Pm= 86%.
For the purpose of this illustration, we approxi-
mate the integral over the small solid angle re-
quired for P, by the quantization-axis value of
-100%; this will lead to a somewhat lower total
polarization. The ratio of the transition probabil-
ities T,(v)/T, (&o) depends on (p,/p, )'I'= 2.25 and
the ratio of the square of the matrix elements,
which is 3 at k=0. However, for S~=E~+0.15 eV,
transitions from the light-hole band occur at k'
=3.9x10' a.u. and from Fig. 7 this gives b3
= 0.075; so the ratio of the square of the matrix
elements is 2.19. The polarization from Eq. (18)
is then 77%. In this way, it is possible to obtain
a polarization larger than 50%. The value P = 77%
of this example indicates that X was likely less than
68 meV to give the experimental value P = 54%;
however, X cannot be accurately determined in
this way in the absence of a quantitative knowledge
of the spin-exchange scattering.
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D. Transitions at L(A)

The spectra of Figs. 6 and 8 both exhibit a posi-
tive and negative peak at 3.0 and 3.2 eV, respec-
tively, which can be understood in terms of tran-
sitions of [111]symmetry. The relevant part of
the energy-band diagram from yucca et a/. "is
shown in Fig. 10. In going from I' to L, the val-
ence band at 1', connects to L, (not shown), which
is split off by the crystal field. At L, the upper
valence band (L, in nonrelativistic notation) is
split by the spin-orbit interaction into the doubly
degenerate state at L, and degenerate L, and L,
states. The conduction and valence bands are
parallel along the A symmetry axis from about
(2v/a}(0. 2, 0.2, 0.2) to (2s/n}(0.5, 0.5, 0.5},the I.
point. ' Even though the arrows in Fig. 10 indicat-
ing transitions have been drawn near L, contribu-
tions are expected all along the parallel band re-
gion of the [111]axis. The structure in our spec-
tra is due to transitions from L~ (A4) and L, (A,)
to L, (A,), labeled C in Fig. 10, which occur with
equal probability but go to the opposite spin state
from transitions L, (A, ) to L, (A,), labeled D in
Fig. 10. The positions of the extrema at 3.0 and
3.2 eV agree well with the band separations of
3.04 and 3.26 eV determined by Schottky barrier
electroreflectance measurements. '

The structure arising from transitions along A

has a different shape from the struchxre we have
discussed which is due to transitions at 1. This
is because, even though the bands bend away from
each other as one moves perpendicular to the [111]

2 L6~

axis, there is a larger region in k space than at F
in which the energy surfaces are approximately
parallel. Thus, as the photon energy is increased,
the transitions labeled C are first observed, giving
the positive peak, and then the transitions labeled
D dominate, giving rise to the negative peak. In
contrast, at I' transitions labeled A from the up-
per valence band continue to be competitive as
transitions labeled B from the split-off band begin.

For a better understanding of the structure due
to transitions along A, we investigate the wave
functions of the states of interest. The angular
and spin part of the wave functions as given by
Pollak and Cardona4' are listed in Table II. We
need consider only the s states of the conduction
band to which transitions from the p valence states
are allowed. For o' polarized light in the [111]
direction, for example, we would have transitions
from L, , with wave function I (X - f Y) t)/v 2 to
ISO) and from L, with wave function I (X —iY)t)/v 2

to 1St) which would give 100 and -100%% polariza-
tion, respectively, if it were possible to isolate
the excitation to states on the quantization axis.

With the quantization axis in the [111]direc. ion,
the [111]and [111]directions are no longer equi-
valent to the other six directions [11T], [TT1],
[T11], [1TT], [171], and [TlT]. To find the contri-
bution from states not on the quantization axis we
rotate a wave function expressed in a coordinate
system along the [11T]direction, for example,
and express it in terms of the spatial and spin co-
ordinates of the reference system, where the z
direction is defined by the angular momentum of
the light and the dipole transition operator takes
the form X+ iY. The transition probabilities
IM, t(t) I' to conduction-band states with spin par-
allel (antiparallel) to the light angular momentum
are then calculated as at I". For purposes of illus-
tration, we will calculate P at the L point and not
be concerned with the angular integration over
wave functions for a general k direction in the

C

0
8 A

TABLE II. Angular and spin part of the wave functions
atL, (A).

Symmetry
point Wave function

FIG. 10. Energy-band diagram of GaAs showing the
transitions at I and L which give rise to the structure in
our measured spectra (after Ref. 42).

I., (A, )

L4 Ls (A4, s)

I, (A, )

&Is»+ aIz~ &

A (si&+a(z»

(-, ) /' j(x+ &~~&

(-,')'~'I(X- iY)&&

(-')'~'
I (x+ i Y)t &

(-,')'~' I(x- g~ &



13 PHOTOEMISSION OF SPIN-POLARIZED ELECTRONS FROM GaAs 5495

neighborhood of L. If it were possible to isolate
the transitions from states along the six axes of
[111]symmetry which do not coincide with the light
angular momentum, one would find P = 20%0. The
initial polarization in the solid is calculated by
taking the transitions at all eight critical points
together. In this case, Eq. (15) is written

(19)

The IM, N(t)l' are used in Eq. (14) to obtain P~
= 50%p.

Unlike the situation at I', the distribution of ex-
cited states at L is anisotropic and emission oc-
curs preferentially along certain directions. Not
all of the eight symmetry directions included in
Eq. (19) contribute to the direct emission. Which
electrons are emitted depends on the crystal sur-
face orientation, and their polarization depends on
the angular momentum of the light with respect to
the [111]symmetry direction. Additionally, the
polarization at photon energies corresponding to
transitions to the L minima has contributions not
only from the direct emission but also from elec-
trons which have been scattered. Some of the elec-
trons excited to an L minimum of the conduction
band may scatter to the I' minimum, where they
will contribute to the isotropic distribution of
thermalized electrons. On the other hand, elec-
trons excited near E' to states higher than the L or
X minima have a substantial probability of scatter-
ing into these higher-lying minima. "

We first calculate the polarization of the direct
emission at L. We consider excitation across the

gap from an initial state at wave vector k to a final
state at K=k+G. For transitions from an initial
state at the L point (w/a)(T, T, T), for example, only
G= (2s/a)(1, 1,1) along the same axis can conserve
both energy and momentum, and emission is along
this G direction. Not all of the eight [111]direc-
tions along which electrons are excited allow emis-
sion into the vacuum. The component of K parallel
to the surface, K„ is conserved on emission. For
emission of an electron into vacuum we must have

(20)

where E~ and E„are the energies of the L mini-
mum and the vacuum level, respectively. " For a
(110) crystal surface, as in our experiment, only
transitions from initial states K —G with G», and

Qyg'j give rise to direct emission according to Eq.
(20). In our experimental configuration, where
the angular momentum of the light is along the
[110]direction, the polarization expected as a re-
sult of emission along G„, and G„-, is P —35@.

It is not surprising that the experimental value
P = 8% is lower than the calculated value when

account is taken of the other contributions to the
photocurrent. Electrons excited to energies higher
than the L minimum, e.g. , at A, can undergo in-
tervalley scattering via optical phonons and scatter
from one state of [111]symmetry to another. 4' For
example, unPolgrized electrons excited from ini-
tial states K -6, with 6,», 6;», 5;„,and 5» which
lie in the surface, can contribute to the emission
from the L valleys along [111]and [11T]. More-
over, electrons excited not far from I', and which
have P- 0 at h(d-3 eV, can scatter into an L min-
ima and thereby decrease P. The polarization
may also be reduced owing to transitions at the
same 8+ at some general point in the Brillouin
zone where the polarization is small. Finally, the
possibility of spin-flip scattering before emission
could further reduce P.

E. Outlook

The results obtained from this initial series of
measurements suggest a number of promising
areas for further investigation. Because no mag-
netic field is required, it is straightforward to
analyze the kinetic energy of the electrons in ad-
dition to their spin, that is to measure P(K&o, Z)
instead of P(S&o) as we have done so far. While it
is in principle possible to measure the energy dis-
tribution of the photoelectrons with a magnetic field
present, the very low brightness of the photoemit-
ter in the presence of a magnetic field and the un-
availability of an efficient detector has prevented
such measurements.

A measurement of P(8e, E) enable's one to deter-
mine separately the polarization of electrons
thermalized to L or X minima as distinct from
those at the I' minimum. Because the spin polar-
ization of the electrons in effect "tags" the elec-
trons with respect to their point of origin, inter-
valley scattering can be studied.

The electron recombination time 7', and the spin
relaxation time ~, can be determined independently
for excitations just across the forbidden gap using
luminescence mea surements. Spin-polarized
photoemission offers a method to study the spin
relaxation time as a function of electron kinetic
energy. Both the spin and electron relaxation
times are expected to depend on the kinetic energy.
The hot-electron lifetime is expected to be rela-
tively temperature independent, allowing the tem-
perature dependence of &, to be determined for
various electron energies.

Definitive measurements of P(ff&o) as a function
of temperature are of great interest and have not
yet been carried out. The spectra of Figs. 6 and 8
were observed at T» 10 K. For an emitter exhi-
biting the characteristics of a PEA, a spectrum
very similar to Fig. 9 with a maximum P = 54/0 was
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recorded at T =80 K, whereas otherwise the maxi-
mum P at this temperature was 32%. Polariza-
tions as high as 25% were observed at room tem-
perature. The temperature dependence of the
polarization arises from the strong temperature
dependence of r, relative to r~ in Eg. (9). v~ is
shorter for a PEA surface than for an NEA sur-
face, giving rise to a higher P at a given tempera-
ture for these surfaces.

We of course want to check that the polarization
of electrons emitted from an optimally activated
photocathode remains high. An investigation of the
mechanism of the depolarization which was ob-
served for positive-electron-affinity surfaces is
also important. Measurements in which the thick-
ness of the activation layer is varied and the Cs
excess in Cs-rich Cs,O is controlled can clarify
the role of spin-exchange scattering from atomic
Cs when Cs is used to lower the vacuum level of
materials.

Because the band structure of GaAs is well known,
GaAs is an ideal material for demonstrating the
sensitivity of spin-polarized photoemission to the
spin-dependent aspects of electronic structure. A
negative electron affinity is not required; all that
is necessary is that the final state of interest lie
above the vacuum level. The technique is not lim-
ited to GaAs nor even to semiconductors. Heinz-
mann et al. have measured the spin polarization of
photoelectrons from alkali-metal films. ~ Koyama
and Merz have discussed the application of mea-
surements of P(ffu&, E) to determine the spin-de-
pendent electronic structure of metals. ' We ex-
pect that the most interesting applications of spin-
polarized photoemission to probe spin-dependent
electronic structure mill be realized in materals
where less is known about the electronic structure
than in our test case, GaAs.

V. NEA GaAs AS A SOURCE OF POLARIZED ELECTRONS

A good source of spin-polarized electrons has
been sought for many years for experiments in
high-energy physics" and atomic physics. 4' Having
a source with the qualities of the GaAs source,
several intriguing experiments with solids can also
be considered.

In order to assess NEA GaAs as a source of spin-
polarized electrons, we review briefly the criteria
for a good source. Both high current and high po-
larization are desirable. When the experimental
uncertainty is limited by the counting statistics, a
figure of merit for a source of polarized electrons
is P2I. For most experiments it is necessary to
reverse the polarization to eliminate systematic
effects such as apparatus asymmetries. Being
able to reverse the polarization without otherwise

affecting the electron beam characteristics is an
important advantage, as is the capability to rapidly
modulate the polarization. The energy spread &E
of the electrons may also be important.

Since a source is coupled with an electron optical
system to form and transport the beam, an impor-
tant characteristic of the source is its brightness
or Richtstrahlwert, defined as

dI
dAdQ ' (21)

where dI is the current through a differential area
dA and dA is the solid angle subtended by the elec-
trons. As pointed out by Kuyatt and Simpson, "
along a beam path where the current is conserved
and there are no energy dispersing devices, R/E,
where E is the electron energy, is a conserved
quantity and a measure of the electron optical qual-
ity of the source. A frequently specified quantity
is the emittance, defined as & = pe, where p is the
radius of the electron beam at the source and e is
the aperture angle. The brightness R is propor-
tional to I/e ', and since R/E is the conserved
quantity, the emittance is specified at a given en-
ergy.

For electrons produced in axially symmetric
electric and magnetic fields the effective emittance
can be shown to be4'

e = p, (E,/E)"*+ ,'(e/m) g B,/—e,

where p, is the maximum initial distance from the
axis, E, and E are the initial and final kinetic en-
ergies, 80 is the magnetic field at the electron
source, and v is the final velocity of the electron.
The second term in Eg. (22), which is nonzero only
when a magnetic field is present, derives from the
fact that the wd.al component of the canonical angu-
lar momentum L =v x (mv+eA) is conserved; elec-
trons produced off axis will have skewed trajec-
tories in a region of zero magnetic field. There-
fore, sources which employ a magnetic field gen-
erally have lower brightness than similar sources
without a magnetic field (a possible exception is
the field emission source because p, is extremely
small).

Consider now the properties of NEA GaAs with
respect to the criteria for a good source of polar-
ized electrons discussed above. The current which
can be obtained is the product of the yield from
Fig. 5 and the number of incident photons per sec.
For the measurements reported here, where we
made no attempt to optimize the source, a current
of the order of 1 p,A was obtained. Note that a
current of 1 mA can be obtained from the photo-
cathode having yield (b) of Fig. 5 with a light power
of 5 mW. As with thermal cathodes, the resulting
electron beam may be space charge limited for
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some beam energies. The photothreshold energy
of GaAs is in the range of intense dye-laser light
sources. The photothreshold can be increased a
few tenths of an eV to match a particular light
source while maintaining the polarization by using
a direct-gap ternary compound such as GaAlAs or
GaAsP.

A polarization in the neighborhood of 50/p is sub-
stantial. Note that applying the figure of merit
P 'I this is equivalent to a 100% polarized source
with & the current. " An attractive feature of the
GaAs source is the easy and rapid reversal of the
spin polarization by simply reversing the sense of
the circular polarization of the light, which does
not affect electron optics. In contrast, in systems
employing a magnetic field to specify the preferred
direction, less rapid reversal of the polarization
is possible and is difficult to achieve without slight
changes in the electron optics. With the GaAs
source, the polarization of the electron beam can
be modulated amI lock-in techniques used to detect
even small spin-dependent effects in an interaction.

NEA GaAs is a very bright source of polarized
electrons. The light incident on the photocathode
can easily be focused to give a source area less
than 1 mm in diameter. The emission from a
NEA surface is very directional owing the small
internal effective mass of the electrons and the
NEA, which causes an acceleration of the electrons
on emission. " Pollard" has reported that near
threshold electrons are emitted into a cone of 5'
half-angle with a subtended solid angle of 7.6
& 10 ' sr. Because the source is operated near
photothreshold in the region of high polarization,
the initial beam energy and energy spread are
only 0.1-0.2 eV. From these data we calculate an
emittance of 2 mradcm at 1 eV.

Table III lists some competitive sources. A
comparison of sources of polarized electrons is
very difficult because only a few processes which
produce polarized electrons have been optimized
as sources, and then often for special, noncom-
parable purposes. Other lists of sources available
up to 1972 can be found in Refs. 49 and 52. The
values in square brackets in the table are pro-
jected values which, in our opinion, have a high
probability of being achieved.

A few comments on the eight sources listed in
the table are warranted. The photoionization of
Li has been optimized" as a pulsed source with
the given emittance appropriate for injection into
the linear accelerator at the Stanford Linear Ac-
celerator Center (SLAC). Measurements of the
polarization after electron acceleration to 19.4
GeV have been recently reported. " The relatively
high polarization is advantageous in situations
where polarization cannot be traded for higher
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current owing target damage. Photoemission from
Euo, '-' which was studied in a research apparatus
not optimized as a source, appeared attractive as
an alternative for SLAC but is far surpassed by
NEA GaAs, both in brightness and ease of polar-
ization reversal. The polarization is also easily
reversed in sources"" based on the Fano effect
and on the optically pumped He discharge, which
both benefit from the absence of a magnetic field.
The chief drawback of the Fano-effect source is
the low current obtained from the photoionization
of the atomic beam. The parameters reported for
source 5 are for an optimized optically pumped
He discharge source. Because of the small emit-
ting area, the field-emission source" is very
bright in spite of the presence of a magnetic field
of 2 koe. The current is limited by the strength
of the electric field that can be applied without
too rapid deterioration of the emitting tip. The
last two sources listed in Table III depend on the
spin polarization produced by the spin-orbit inter-
action in electron scattering. The scattering of
electrons at energies up to about 1 keV from an
atomic beam has proven useful as a source pri-
marily in experiments which already involved
atomic beams. "'" While perhaps convenient in
some situations, the parameters indicate that such
a source is not comparable with several of the
above. It should be pointed out, however, that
some differential pumping is required to use an
inherently ultrahigh-vacuum photoemission or
field-emission source with the lower vacuums of
atomic scattering experiments. The production
of polarized electrons by scattering from solids
was first shown by Davisson and Germer" in 1929
(contrary to their own conclusion" ) and has been
used to produce polarized electrons with energies
from -100 eV to -100 keV. The most recent
measurements" of low-energy scattering were
from a W single crystal (8 in Table III}. While
not yet explored as a source, it appears promis-
ing. The difficulty in reversing the polarization
may be overcome by varying the electron energy
(P changes rapidly with energy).

From our discussion of the best existing polar-
ized-electron sources, we see the NEA GaAs com-
bines simplicity with high efficiency. The appli-
cations of such a source are numerous. In high-
energy physics, one of the most exciting experi-

ments will be the search for parity violations in
deep inelastic electron scattering. This involves
scattering of high-energy polarized electrons by
unpolarized protons in a liquid-hydrogen target.
A pulsed QaAs source is being built to inject spin-
polarized electrons into the linear accelerator at
SLAC." The advent of the GaAs source makes
possible electron scattering experiments from
atoms and molecules which previously could only
be contemplated or were the subject of a few long,
laborious pioneering studies. Whereas differential
cross-section measurements give I f (8}I'+

l g(8}P,
it is now relatively easy to measure the direct f (8)
and exchange g(8) amplitudes independently, pro-
viding a more stringent test of current theories.
In studies to date, polarized electrons have usual-
ly been obtained by an initial scattering experi-
ment (7, Table III) which is surpassed by the GaAs
source by at least a factor of 10'. The high inten-
sity and brightness of the QaAs source will permit
the investigation of polarization phenomena at
scattering resonances in elastic scattering and
allow the study of the polarization phenomena as-
sociated with inelastic channels. "

In solid-state physics, spin-dependent electron
scattering will be a useful new surface probe.
There are two types of spin-dependent scattering
experiments: first, those where the spin depen-
dence derives from the spin-orbit interaction on
scattering; this effect is found in all materials
and is more pronounced for those of higher atomic
number. Second, there is magnetic scattering in
which the polarized beam interacts with a mag-
netically ordered solid through the exchange inter-
action; with elastic magnetic scattering surface
magnetic order and surface critical phenomena
can be probed.
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