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The measurement of the spin vector S of electrons photoemitted from a III-V compound semi-
conductor activated to negative electron affinity is shown to be a powerful means to explore band
hybridization properties, surface effects, and to estimate characteristic times of electron relaxation.
Because of the lack of inversion symmetry (i.e., to the conduction-band spin splitting), an internal
spin precession occurs in the bulk semiconductor and also in the band-bending region (BBR) near
the surface. From the modulus of S we determine the hot-electron mean free path. From the S
direction we deduce the angle of spin precession 6, due to the internal precession vector @. The ex-
perimental originality of the present work stands in the combination of the S measurement with the
high-resolution energy analysis of the photoemitted electrons. The dependence of 6, on the elec-
tron kinetic energy reflects the memory of the initial anisotropic distribution of electron momenta,
and its modifications during thermalization and transit through the BBR. Our analysis relates the
D’ymnikov-D’yakonov-Perel’ formalism for the calculation of spin-polarization properties under

circularly polarized light excitation with the widely used Kane k-p band description.

I. INTRODUCTION

Because of the lack of inversion symmetry in III-V
semiconducting compounds, the spin degeneracy of the
conduction band is lifted.! This fact can be described by
a perturbation Hamiltonian H =S-w(k), which defines an
internal precession vector w(k), of cubic symmetry, a
function of the wave vector k, and acting on the spin vec-
tor S (throughout this paper vectors are designated by
boldface characters, their moduli by plain characters).
Since this precession in the semiconductor leads to spin
relaxation,’ the properties of @(k) have been first investi-
gated in polarized photoluminescence experiments.®
More recently, this precession vector was directly evi-
denced in a photoemission experiment performed on
thermalized spin-polarized electrons in p-type GaAs with
a (110) surface, activated to negative electron affinity
(NEA) by cesium and oxygen co-adsorption.*® The prin-
ciple of this experiment is the following: absorption of
circularly polarized light with an energy hv close to the
band-gap energy E excites spin-polarized electrons into
the conduction band. By ballistically traveling towards
the surface through the band-bending region (BBR), all
thermalized electrons gain the same momentum k normal
to the surface, and suffer the same spin precession.
Thereby the net spin momentum vector is rotated away
from its initial direction. The total precession angle 6, is
then compensated for by application of an external mag-
netic field. Such an experiment leads to combined infor-
mation on the magnitude of the internal precession vec-
tor w(k) and on the band-bending (BB) energy 8.

The role of (k) was also pointed out in a different
spin-polarized photoemission experiment on NEA GaAs,
with a (100) surface, and exciting photon energies
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hv>Eg:® the photoemitted ballistic electrons originate
from a hot-electron mean free path / inside the solid; dur-
ing their transit towards the surface they experience a
spin precession which depends on their momentum orien-
tation. The average spin vector and, consequently, the
hot-electron polarization measured in photoemission are
reduced by this effect, which essentially arises from the
bulk precession, since / (=1000 A) is much larger than
the BB width [~100-300 A for a p-type doping in the
(10"-10"8)-cm 3 range]. This yields an estimate of w(k)
together with /.

The analysis of the high-resolution (20-meV) energy-
distribution curves (EDC’s) from NEA GaAs(100) was
shown to allow a precise exploration of the band struc-
ture.” The EDC results are completed by the measure-
ment of the emitted electron polarization, P, versus the
kinetic energy, €, in the conduction band [polarization
versus energy distribution curves (PEDC’s)]: such studies
provide information on the band hybridization and the
thermalization of the photoexcited electrons in the con-
duction band.® In the present paper we use the same
energy-analysis technique to obtain the internal preces-
sion angle 0,(¢) versus the electron kinetic energy at a
given Av, and get a direct picture of the evolution of the
electron spin. The whole precession effect is due to the
existence of the precession vector @(k), whose basic
propgrties in the vicinity of the zone center are recalled
here.

(1) (k) is perpendicular to k.

(ii) @(k) is highly anisotropic, it is zero for k along all
(100) and (111) directions and maximum for k along
(110) directions,

(iii) The components of w(k) are increasing with €.
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Consequently, spin precession occurs in two distinct re-
gions: the bulk solid, where the kinetic energy at
creation can be reduced by energy relaxation, and the
band bending region, in which the kinetic energy, and
consequently o, increase during the transport towards
the surface (in this latter region, relatively narrow in the
heavily doped samples used for NEA photoemission, col-
lisions are improbable, and the transport is ballistic).
Thus the measured precession angle combines bulk and
band-bending effects, and contains information on the de-
gree of electron thermalization. These different contribu-
tions are disentangled by the energy-analysis technique.
Section II is devoted to the description of the experi-
ment, Sec. III to the detailed theoretical principles: in
particular, we relate the D’ymnikov-D’yakonov-Perel’
(DDP) (Ref. 8) and Kane (Ref. 1) formalisms used in po-
larization calculations. The analysis of the experimental
results in Sec. IV distinguishes between the different
features of the precession effect, and leads to the deter-
mination of several bulk and band-bending parameters.

II. EXPERIMENT

This paper is focused on the energy-analyzed preces-
sion results. Energy-integrated measurements of the pre-
cession angle have been published elsewhere.>*

A. Experimental setup

The experimental setup, schematized in Fig. 1, only
differs from that described in Refs. 6 and 7 by the
precession-angle—measurement apparatus; therefore, we
will only recall its essential features and detail its
specificities.

The experiment is performed in a ultrahigh-vacuum
chamber (pressure ~1X107' Torr). A p-type doped
GaAs sample is activated to NEA by Cs and O, co-
adsorption according to a standard procedure,” and can
be cooled down to 110 K by liquid-nitrogen circulation.
Electron excitation from one of the three upper valence
bands is performed by illumination through a He-Ne
laser (hv=1.96 eV) or one of the lines of a Kr™ laser
(1.55<hv<3.50 eV). The exciting beam is circularly po-
larized through a Babinet-Soleil compensator, so that at
excitation the photoexcited-electron mean spin is orient-
ed along the direction z of the incident light; with respect
to this direction the electron polarization is defined by
P=(n,—n_)/(n, +n_), where n_ (n_) is the number
of electrons with spin up (down).

To allow magnetic studies, the entire electron optics is
of electrostatic type and permits spin-polarization con-
version from longitudinal to transverse. The photoemit-
ted electrons are first deflected by a rotator, then energy-
selected by a selector operated in the constant-energy
mode, with an energy resolution AE =~20 meV.!° Then,
either they are collected in a Faraday cup, which pro-
vides the EDC’s, or transported to a Mott polarimeter
with concentric electrode geometry,!! in which their spin
polarization is measured.

The sample used for the present experiment is a (110)
GaAs crystal (Zn-doped, p =1.3X10'® cm~3), cut in the
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FIG. 1. The central part of the figure schematizes the light-
excitation and energy-selection systems. The electrons,
deflected by the rotator and energy-analyzed in the selector, can
be collected in the Faraday cup, or they can be transported to-
wards the Mott polarimeter, where they are diffused on the gold
foil and counted on symmetrical channeltrons. A magnetic field
B is applied on a part of the electron path. The upper part of
the figure defines the orientation in the sample plane with
respect to B, as given by the angle &, and shows the spin
momentum S after the internal precession due to @. The lower
part of the figure shows that, in the case ®=£0, only partial com-
pensation of 6, is achieved by the external precession in B.

same wafer as that studied in Ref. 9, which was shown to
produce large precession effects.

B. Measurement of the precession angle

From the instant of their creation until their emission
into vacuum the electrons undergo spin precession due to
the presence of (k). For a momentum along [110}, i.e.,
parallel to the light-propagation direction (z axis), @ lies
along the [1T0] direction (see Sec. III B). When all pho-
toelectrons are considered, the average spin vector is ro-
tated by an angle 6, in the (170) plane (see the discussion
in Sec. III). This angle is measured by compensation
through an external magnetic field B parallel to the prop-
agation direction of the electron beam at the entrance of
the Mott polarimeter. Thereby the spin vector along the
z direction, which is the polarization component mea-
sured in the Mott polarimeter, is maximized.

The compensating field B acts on free electrons with
mass m and kinetic energy eV (e is the electron charge
and V the electrostatic potential), and is obtained by ap-
plication of a current of intensity i into an N-loop
solenoid (Fig. 1). The resulting external precession angle
O is approximately given by'?
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O~ (uytp /%)(2m /eV)'/*Ni =2mi /iy , (1)

where p, is the vacuum permittivity and pz the Bohr
magneton. The electron energy is =900 eV, and we use a
coil with N =63, so that for © =27 we expect i =i,~=38
A. In all our experiments we find i;=10.21+0.2 A, a
value which is determined by calibration on (100) GaAs,
as shown in Fig. 2. This figure evidences a slight
disorientation ¥~ —9°, in the plane perpendicular to B,
of the Mott-polarimeter axis relative to the light-
propagation direction.

To achieve total compensation of the internal preces-
sion, the [110] direction has to lie parallel to B. In our
experiment, the sample is rotated in its plane and, for
each position, defined by the angle ® between [110] and
B, a variation P4 (i) is expected:

Py(i)=Py(P)cos[(2mi /iy)+E(P)+ W], (2)
where £(®) and P,(®P) are, respectively, defined by

tan[£(®P)]=cos® tanb, ,

3)
Py(®)=Py(cos?, +cos’® sin%0,)!/* .

Therefore the procedure to measure 6, is the following.

(i) For a given crystal position, determined by &, the
polarization is measured versus B, i.e., versus the intensi-
ty i in the coil. From a least-squares fit of five or eleven
experimental points with Eq. (2), we deduce the “ap-
parent precession angle” £§(®)+ WV and Py(P).

(ii) The experiment is repeated for six crystal positions,
obtained by rotation of the crystal around its normal.
Measured versus ®, the angle £(®)+ V¥ is maximum for
cos® =1, that is, when [110] is parallel to B (see Fig. 3),
and is then equal to 6, + V. In this same position of total
compensation of the internal precession by the external
magnetic field, we obtain the maximum polarization P
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FIG. 2. Variation of the measured polarization vs the intensi-
ty in the coil producing the compensating magnetic field B. The
experiment is performed on (100) GaAs. The experimental
asymmetry W appears in the fact that the maximum of the curve
occurs for nonzero intensity. The solid line is the best fit to
the experimental data according to Eq. (2): P(%)
=26.8cos[360(i /10.3)—9.3], where i is in amperes and the
phase in degrees. This gives ¥=—9"+1°.
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By rotation of 180° of the sample around its normal, the
internal precession is reversed in the laboratory frame.
Because of the disorientation between the Mott-detector
axis and the light-propagation direction, under such a ro-
tation the measured angle 6,+Y¥ is changed into
—0,+V (see Figs. 3 and 4), which allows one to elimi-
nate this instrumental asymmetry and to determine the
precession angle 6,. From now on, we discuss measure-
ments taken at ®=0, i.e., in a position of total compensa-
tion of the internal precession, for which [110] and B are
parallel, defining the y axis.

Since the precession angle 6, is calculated through the
fitting procedure mentioned above, the evaluation of the
uncertainty A6, is somewhat intricate. However, it is
straightforward to show that A6, should be proportional
to AP/ | Py |, where AP is the uncertainty on the polar-
ization measurement.'> This relation stresses that preces-
sion angles calculated for small | P, |’s suffer large inac-
curacies. To be more quantitative, in the measurements
reported in this paper, P, is of the order of 10% in cases
of weak electron currents (hot electrons) and of a few per-
cents for the stronger currents arising from thermalized
electrons. Our Mott detector measures the polarization
of a 10-pA beam (to compare with 5 nA, the peak selec-
tor output current) with a statistical error of 1% in about
10 min.® Under these conditions, the determination of 0,
within (A6, )" ~(180/7)[1/Py(%)]~6° requires at least
50 min. Practically, the total experiment time is limited
to 6-8 h since the time constant for photocurrent de-
crease is 3—4 h at 110 K (a few days at 300 K). Therefore
during one low-temperature experiment it is only possible
to obtain the whole 6,(¢) spectrum for a single value of
hwv.

Before presenting the 6,(¢) curves it is interesting to
briefly comment on the EDC’s taken on the same sample
and to compare them to the results published on (100)
GaAs.’
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FIG. 3. Experimental variation of the “apparent precession
angle” £(P)+ W vs the angle of rotation ® specifying the posi-
tion of the sample in its plane. The solid line is the fit to the re-
lation given in Eq. (3): tan&(®)=cos® tan19.3°, for the same
experimental asymmetry W= —9° as in Fig. 2. A precession an-
gle of —19°+1° is thus deduced from this curve.
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FIG. 4. Raw data of precession-angle measurements taken at
T =110 K for an excitation energy hv=2.18 eV. The experi-
mental asymmetry is eliminated by a 180° rotation of the sam-
ple.

C. EDC measurements

The EDC’s are systematically recorded before and
after spin-precession measurements and are used for ener-
gy calibration. The principle has been exposed in Ref. 7:
at a given excitation energy the high-energy edge of the
EDC is due to ballistic electrons excited from the Iy,
heavy-hole valence band. At low temperature, this gives
rise to a sharp threshold because the probability of ener-
gy gain through phonon absorption is negligible. From
this threshold the location of the bulk conduction I'
minimum is obtained by subtraction of the kinetic energy
at excitation calculated in Kane’s anisotropic k-p model
(the heavy-hole band is taken as anisotropic, the conduc-
tion and light-hole ones as isotropic), which gives results
comparable to those of pseudopotential or self-consistent
linear-muffin-tin-orbital (LMTO) calculations when our
experimental resolution is taken into account!* (to help
the interpretation of the experimental data, the electron-
excitation energies in the conduction band by optical
transitions from the three valence bands, for T =300 and
110 K, are given in Table I). The independence of the I'
location with Av provides a test of this determination.
The T location at 300 K can be deduced from its 110-K
determination: the displacement essentially comes from
the 50-meV Fermi-energy shift towards higher energy
(calculated after Ref. 15). The low-energy threshold of
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the EDC is due to the affinity cutoff. Its position relative
to I' determines the affinity value.

The EDC’s on the (110) p =1.3Xx 10" cm—3 sample
(Fig. 5) look relatively similar to those measured on (100)
GaAs crystals of higher doping level (p=~10'° cm™3).
They also evidence several structures, related to the final
states of the optical transitions or to conduction-band
minima. The main fraction of the corresponding elec-
trons appears down-shifted by a few hundreds of meV in
the EDC because of energy loss prior to emission.” How-
ever, the EDC’s for these two crystals differ in two as-
pects.

(i) As in (100) GaAs, the affinity is negative at room
temperature, but in the present case it is close to zero or
positive at 110 K. This large change (0.18-0.25 eV)
occurs during the short cooling time (=10 min). It is
difficult to attribute it to surface pollution, responsible for
the longer (several hours, see Sec. II B) time constant for
photocurrent decrease. This variation of electron affinity
is comparable to the modification in band bending with
temperature (~0.3 eV) observed on this sample, which
will be discussed in Sec. IV A.

(ii) All structures are less apparent (see Fig. 5). The '
peak, which arises from low-energy electrons having lost
some energy in the BBR, is broadened for lower doping
level, as reported in Ref. 16. These authors, who measure
the EDC by the retarding-field technique, observe an L
structure only for N, >5x10'® cm™>. They attribute
this behavior to the longer energy-relaxation length in the
less-doped samples. This should also enhance the hot-
electron structures; however, in our case a blurring is ob-
served for the structures associated with electrons relaxed
in the conduction-band minima (I',L), and also for the
hot-electron structures. A possible explanation, not con-
sidered in this reference, is that, when decreasing N 4, a
more important fraction .La(hv) of the photoelectrons is
excited in the wider BBR, of width £, by absorption of
light with an absorption coefficient a(hv):

L =(2€4€,8/N 4¢)'?, )

where €€, is the dielectric constant and 6 the BB energy.
These electrons have less energy above the Fermi level
than those excited in the bulk crystal. The EDC struc-
tures should then broaden, especially for larger hv, be-
cause of the increase in a. Indeed, we have observed
such a broadening on the heavily p-type doped crystal

TABLE 1. Energies (in eV) after excitation into the conduction band from the three valence bands by different krypton and

helium-neon laser lines.

hv (eV)

1.55 1.65 1.83 1.92 1.96 2.18 2.34 2.60

T =300 K Excitation from [y, 1.540 1.625 1.782 1.855 1.890 2.065 2.185 2.395
Excitation from [y 1.495 1.555 1.670 1.730 1.755 1912 2.032 2.240

Excitation from I, 1.470 1.532 1.560 1.680 1.768 1.910

T=110 K Excitation from [y, 1.542 1.638 1.795 1.873 1.905 2.080 2.205 2.410
Excitation from [y 1.531 1.590 1.700 1.760 1.780 1.937 2.045 2.257

Excitation from I, 1.558 1.583 1.717 1.808 1.945
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FIG. 5. High-energy part of the EDC derivatives taken at
110 K. The low-energy “I" peak” is omitted for clarity. The en-
ergy resolution is 20 meV.

studied in Ref. 7 (N, ~1x10" cm~3, £~100 A) for
hv=3.5 eV, corresponding to a=7x10° cm~1"
La=0.7. In the EDC’s obtained on the present sample
(L~300 A) for hv=2.60 eV (@~2.5x10* cm™"), the
fraction La=7.5X 1072 is smaller, but the effect should
still be present. Another explanation arises from the en-
ergy loss in the BBR, which can only occur by emission
of optical phonons, because of carrier depletion in this re-
gion. In the random walk of electrons towards the sur-
face, more steps are necessary to cross the wider BBR of
the less-doped sample—this should broaden the energy
distribution.

D. Polarization versus energy-distribution
curves at a given hv

PEDC'’s at a given hv are obtained from the Mott-
detector measurements after fotal compensation of the
internal precession by the external magnetic field. They
look rather similar (see Fig. 6) to those reported in Ref. 7.
Measured against the electron kinetic energy, the spin
polarization P, shows a high-energy plateau, and a de-
crease for smaller €. The plateau arises from ballistic
electrons excited with the same photon energy hv from
different regions of the anisotropic valence band, the larg-
est kinetic energy being carried by electrons with momen-
ta along (111).!7 The maximum P, value is reduced
when h v increases.

ENERGY ABOVE I'g (eV)

FIG. 6. Measured PEDC'’s at T =110 K, for different excita-
tion energies. In this and the following figures the arrow indi-
cates the location of the bulk conduction-band minimum. The
two dashed lines limit the domain in which overly small polar-
izations prevent precession-angle measurements.

E. Energy dependence of the spin precession at a given hv

The experiment gives the variation, for a given photon
energy hv, of the spin precession 6, versus the emitted
electron kinetic energy €. The energy resolution is 20
meV. As a test of the crystal orientation we verify that
the [001] cleavage directions are properly oriented in the
surface plane: this is indeed the case within £3°. The
6,(¢) spectra reproduced in Fig. 4 are deduced from two
measurements corresponding to [110] parallel and anti-
parallel to B, as explained in Sec. II B. All the following
spectra are averages over several runs and are corrected
for the experimental asymmetry. Typical results for po-
larization and precession measurements versus kinetic en-
ergy are presented in Fig. 7.

Measurements are performed at 300 and 110 K. At
300 K the curves 6,(¢) obtained for hv=1.55, 1.83, and
1.92 eV are represented in Fig. 8. Note that the affinity is
negative, and that Bp, which is almost independent of €
for near-band-gap excitation at 1.55 eV (6,~18°), de-
creases to zero with € for hv=1.83 and 1.92 eV. An
overly weak polarization prevents precession measure-
ments for Av>1.96 eV, as well as in the low-energy part
of the EDC’s for A~v=1.83 and 1.92 eV.

Results obtained at 110 K for 1.83<hv<2.60 eV are
plotted in Figs. 9 and 10. In these experiments the
affinity is nearly zero, so that near band-gap excitation
cannot produce significant photoemission (remember that
the main I" peak is usually down-shifted in energy in the
BBR, see Ref. 7). A characteristic feature of these Op(s)
curves is that for high kinetic energies 6, is positive
(~10°), for intermediate energies it becomes large and
negative (~ —30°), and for almost thermalized electrons
it is again positive.

To analyze these results we need to elaborate on a
model that accounts for the bulk and BB precessions.
Therefore, in Sec. III, we detail the expressions of the
precession vector w(k) acting on the spin of the photoex-
cited conduction electrons, and take into account the
peculiarities of the III-V-compound semiconductor band
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structure. In Sec. IV we analyze our experimental data in
this framework.

III. MODEL FOR ELECTRON-SPIN PRECESSION

The interpretation of the energy-resolved precession
measurements is more intricate than that of the original
integrated precession experiment performed on thermal-
ized electrons excited by photons of energy hv= EG.5 In
the latter case, the electron momenta, with negligible
value in the bulk crystal, all increase parallel to the nor-
mal to the surface in the BBR and are submitted to the
same precession vector parallel to y so that

6,= [ ot , (5)

where 7 is the electron time of flight across the BBR.

In the present paper the situation is different: the elec-
trons observed through photoemission are excited into
the conduction band at high kinetic energy, and travel
through the BBR towards the surface, after energy loss
inside the bulk crystal for most of them. During their
stay in the solid their spins precess in the local w(k),
which is affected by the k modification in the electron
motion. In the bulk solid two electron behaviors are pos-
sible: (i) the electron momentum k is modified in the
numerous scatterings, so that o(k) changes at each col-
lision. The net effect is a spin depolarization, the so-
called D’yakonov-Perel’ mechanism,? currently observed
in polarized luminescence experiments. (ii) Electrons not
too distant from the surface travel towards vacuum bal-
listically; a coherent precession occurs, both in the bulk
solid and in the BBR. Because of the increase in momen-
tum along the normal to the surface in the BBR, the pre-
cession vector continuously varies along the electron
path.

In the following we show that the whole set of ob-
served variations of 6,(¢) for different photon energies
can be analyzed with the aid of only two parameters,
namely the band-bending energy 6 and the hot-electron
mean free path /(e). We first give some considerations on
the value of the spin vector §4(k) at excitation, and on
the magnitude of w(k). Then we describe the different
contributions to the observed precession.
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A. The spin vector (k)

In our experiment, spin orientation of conduction elec-
trons is achieved by o* circularly-polarized-light excita-
tion, i.e., optical pumping.'® The electron-density matrix
at excitation F, given by D’ymnikov, D’yakonov, and
Perel’,>® can be generalized to account for the conduc-
tion wave-function modification for k<0 by k-p pertur-
bation (operators are printed with underlined characters).
The calculation is presented in Appendix A, here we only
summarize the main results.

The light excitation is normal to the surface, along the
z axis. We consider electrons in a z =const plane, i.e., we
do not take into account the z-dependent absorption pro-
cess (this effect will be discussed below in Sec. IIIC1).
Using F and the Pauli operator ag=(g,,2,,a,), we cal-
culate the momentum distribution ,(k) and the
electron-spin vector at excitation &4(k):

~(k)=TrF, &,k)=Tr(gF)/TrF . (6)

According to Appendix A, at promotion into the conduc-
tion band the spin vector §y(k) is a function of k and is
made up of two components: one parallel to k and the
other along z. For an electron promoted from the Iy,
heavy-hole valence band, the only spin component is
along k; both components exist in the case of an electron
promoted from the I'y; light-hole or I'; spin-orbit-split
bands. During thermalization, the conduction electrons
lose correlation between momentum and spin, so that the
spin vector, whose modulus decreases because of spin re-
laxation, lines up along z.

B. The internal precession vector o(k)

The spin-dependent part of the Hamiltonian'"2

H=(#/2)g -w(k) (7

defines a precession vector (k) with cubic symmetry in
the I' valley: @(k)=yh(k), where h(k) is normal to k
and related to the k components (k,,k,,k,) referred to
the cubic crystallographic axes by

h(k)= (£, (2 —£2), £,(F2—£2), £,(F2—£2)) . (8)

For k along [110], @ is maximal with a modulus equal to
(vk3)/2=w, A LMTO calculation of  along the [110]
direction through the whole Brillouin zone was published
in Ref. 19. Having used Kane’s k-p description of the
band structure, we instead take the corresponding expres-
sion of w(k),! which has the advantage of allowing
analytical calculations along any direction:

o(k)=4V"2(ab /%k)Gh(k) . 9)

The coefficients @ and b are Kane’s coefficients for the
conduction-band wave functions referred to the k direc-
tion:

bo_=a |[iSL])+b | [(X —iV1/V2])+¢c |[ZL]),
(10)

b =a |[[iST])+b | [—(X +iV)L/V2))+c |[Z1]),

where S,X,Y,Z are the orbital components and 1 and |
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the spin eigenfunctions (see subsections 3 and 5 of Ap-
pendix A; for k=0, b =c =0). G is a parameter arising
from the coupling, in III-V compounds, between the
lower conduction band (of I'g symmetry) and the second
conduction band (of I's symmetry).? When the value
G =5#2/2m is used, (see the discussion in Appendix B 1),
in agreement with spin-relaxation studies’! and hot-
electron photoemission polarization experiments,® the
LMTO and Kane’s-model values of @ differ by less than 7
meV for the largest kinetic energy used in the present
work (e~1 eV),22 which does not yield to significant
differences in precession effects.

Two different ranges are to be considered for w, in rela-
tion with the conduction band dispersion (see subsections
3 and 4 of Appendix B): (i) for k <10° m~!, i.e., € <0.2
eV, the energy dispersion is parabolic, so that o(k) in-
creases as k>, i.e., as €72,2% and (ii) for 0.4 <& <2 eV, the
energy dispersion can be expressed, with a maximum er-
ror of 20 meV over the whole energy range, by a linear
law, and w(k) also follows a linear relation.

C. Precession of & around w(k)

The classical equation

a8 =aok)X§ (11)

dt
is applicable to the evolution of the statistical average of
electrons with spin J. This equation is easily integrated
in the case of a ballistic electron traveling at constant k in
the bulk solid. For an electron undergoing thermaliza-
tion in the bulk or gaining energy in the BBR, the situa-
tion becomes complicated as @ and & are functions of the
position.

We now separately consider the two different regions
in which coherent precession occurs. The major ideas of
the model are summarized in the main text, the detailed
calculations are presented in Appendix C. The geometry
of the problem is schematized in Fig. 11.

1. Precession inside the bulk solid

The number n(k) of ballistic electrons reaching the
surface z =0, with a momentum k making an angle

M
A
>

g
z[110) M.

ax[001
Mx

y[170] L

BULK SOLID BBR VACUUM

-L 0 z

FIG. 11. Notations used in the calculations of Sec. III and
Appendixes A and C.



6 (0 < 6 <7 /2) with the surface normal z, is given by

n(K)=rn(k) [ e/ d; ~ n(k)al cosd . (12)
The first factor under the integral expresses the absorp-
tion with a characteristic depth a~! (@~ !'~0.5-1 um in
our excitation range) and the second one the probability
for an electron excited at z (z <0) to reach the interface, /
being the hot-electron mean free path (/=0.1 um); in the
evaluation of (12) we take al <<1. The number »(k) of
electrons excited from a given valence band with a
momentum k is calculated in Appendix A [Egs. (A3),
(A18), and (A23)].

We consider a ballistic electron which suffers no col-
lision after its promotion into the conduction band, i.e.,
keeps the same momentum k. The integration of Eq. (11)
gives

Sk, 1) =(8o@) -5 +cos(w?)
@

30—80'(1)'% ]

—sin(wt) , (13)

)
SoX —
" w

where §,=4&(k, t =0) is the spin vector at promotion
time ¢t =0 as given in Appendix A [Egs. (A4), (A17), and
(A22)], and @ stands for @(k), of modulus w.

The spin contribution S(k) at z =0 of all the ballistic
electrons with momentum k excited over the bulk crystal
is obtained by an integral similar to Eq. (12):

n(KS(k)= [° emer/!!<%0,(k)§(k, Na dz . (14)

The time of precession ¢ around @ is ¢t = | z | /v cos6, for
a velocity v cos6 along z.

In the same approximation al/ <1, Eq. (14) can easily
be integrated into

S(k)=al cosf(8yw)-2%
(0]

al cos@
1+ (ol /v)?

80—(30'(0);@{ ]

al cos® wl

e , 15
1+(wl /v)? v (13

0

o
®

which expresses a “Hanle effect”!® around the precession

vector @ during a characteristic time / /v.

The total number n of electrons (the total spin momen-
tum M=nS) reaching z =0 is obtained by integration
over k in the half-space k, >0 of the n(k) [n(k)S(k)]
contributions. The direction of the resulting mean spin S
is then determined by symmetry considerations (see Ap-
pendix C1): since the normal to the surface, parallel to
[110] in our case, is taken as the z axis, we use for refer-
ence axes x parallel to [001] and y along [110] (see Fig.
11). In this frame h(k) is given by

h(k)=(2k k,k,, Lk, (k2—k2—2k2),
Lk, (k2—k2=2K2) . (16)

Neither component of §,(k), along k or along z, gives
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any S, contribution, so that the resulting spin S lies in the
x-z plane and is rotated from the z direction by the angle
Oy =arctan(S, /S,). Its modulus |S|=(S2+S)'"?is
shorter than the result obtained for @ =0, that is, in the
absence of precession.

The precession and relaxation effects appear in S
through a single parameter A=(wyl/v) (see Appendix
C2a). In Figs. 12 and 13 we plot the calculated P, and
Opu versus A for &||z (or &y|lk). The measurement of
O, Or P, allows the estimation of A and I since w, and v
are calculated from the band structure (see Appendix
B2). This requires the knowledge of the initial spin value
&o(k) and also the ability to separate the bulk contribu-
tions from those of the BBR in the measured precession
angle and polarization.

Such calculations of the precession angle and of the
maximum polarization are valid.

(i) For ballistic electrons excited from one of the three
valence bands. The only part of the EDC without over-
lap between electrons promoted from different valence
bands is the high-energy threshold, with electrons origi-
nating from the I'y, heavy-hole band. In this special case
a value of /(g), where € is the electron kinetic energy,
should be deduced.

(i) For partly or completely thermalized electrons.
These electrons suffer relaxation in the bulk solid, which
partly decorrelates their momentum and spin. For an
electron submitted to collisions, each modification of k
changes w(k), and the net effect of the bulk internal pre-
cession is a spin-relaxation mechanism,’ as was already
mentioned. However, precession may occur in the last
step prior to emission into vacuum, a ballistic path with a
characteristic distance of the order of the hot-electron
mean free path, as determined for ballistic electrons from
I'g, that would have the same kinetic energy at z =0.

2. Precession in the band-bending region

In this region of the sample (—L <z <0), k, and k are
increasing with z. We assume a parabolic band bending,
leading to an increase in kinetic energy

100

80 |

S0/ 2

POLARIZATION (%)

A=, v

FIG. 12. Calculated polarization of ballistic electrons, after
precession in the bulk solid, vs A=wyl /v, for §||k. In the case
of $ol|z, the data give the polarization for a spin fully polarized
along z at creation.
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FIG. 13. Calculated precession angle of ballistic electrons,
after precession in the bulk solid, vs A=a,l /v, for &Hllk and

S()“Z.

e(k)=elko)+[(z +L) /L] . (17)

This expression introduces the momentum modulus k&,
when the electron enters the BBR at z =—.L (see Fig.
1.
Then the time increment dt is related to dk, by
dt= AL 7 dk, .
2[8(e(k)—e(ky))]

(18)

In fact, for a given acceptor concentration, .£ and 8 are
related through Eq. (4).

For ballistic electrons, the exact procedure for deter-
mining the BB contribution to the precession angle con-
sists of calculating the evolution of S(k) in the BBR, and
integrating over all k directions. This leads to heavy nu-
merical calculations. To simplify, we assume, and this
will be justified a posteriori, that the band-bending pre-
cession is a rather small angle. Here we only recall the
most important points of the calculation given in Appen-
dix C3.

(i) Due to the symmetry of the problem, precession
takes place in the x-z plane.

(i1) For a given kg in the bulk (with k,,> 0), precession
in the BBR affects the spin S, =S(k,), entering the BBR
after possible precession in the bulk, by

AS, (ko) =S,, fofa)ydt—Sby fo’w,dt ,
z i (19)
AS, (ko) =S, fo w dt—S,, fo w,dt

where 7 is the electron time of flight through the BBR.
These expressions evidence that the observed net preces-
sion is determined by (i) the bulk precession, (ii) the kinet-
ic energy at z =—., which gives the magnitude of the
precession vector, and (iii) the precession time, also relat-
ed to L and &, i.e., to the doping level. The net spin
momentum M=nS§ after crossing the BBR is obtained by
averaging over the directions allowing emission:

dQ

M, = [ n(k)(S,, +AS,) o "
dQ

M,= [ n(k)S,, +AS,) o -
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The total precession angle 6, is equal to arctan(M, /M, ).
Two extreme cases are studied in Appendix C 3, depend-
ing on the value of S,.

(a) For an isotropic momentum distribution of elec-
trons all carrying the same spin along z in the bulk
(S, =S,,2), relations (19) simplify and become

AS, (ko) =S,, [w,dt
0 21)
AS,(ky)=0.

This approximate expression of the resulting BB preces-
sion angle, AS, (ky)/S,,, is the same as in Eq. (5), which
was rigorously established in the case of thermalized elec-
trons.

Because of the angular dependence of ,, the contribu-
tion to the BB precession of momenta making a small an-
gle with the z axis is positive, whereas the contribution of
momenta at large angles from z is negative, as can be
seen in Fig. 14.

Figure 15 shows the calculated mean precession built
up in the BBR versus the emitted electron energy, in the
case of a thermalized electron distribution, for §=0.3
and 0.7 eV and N , =1.3x 10" cm 3. Note that negative
precession angles are expected for smaller energies for
8=0.3 eV: this comes from the fact that the isotropic
distribution in the bulk (which would give a negative pre-
cession angle) is not modified much by the transport
through the BBR, so that the contribution of momenta at
large angles from z still dominates in the BBR.

Note that the calculated BB precession angles range
between —20° and + 20° for reasonable values of 8, as can
be seen in Fig. 16. This justifies the ‘“‘small-angle” ap-
proximation made in Eq. (19).

(b) In Appendix C3b we consider the additional pre-
cession experienced in the BBR by ballistic electrons pro-
moted from I'y, and having already precessed in the bulk

10

es(deg
5

FIG. 14. Calculated BB precession 85 for an electron with a
spin along the direction z of the normal to the surface (i.e.,
along [110]) and a momentum orientation when entering the
BBR defined by the angle 6 and the azimuthal angle ¢. The ini-
tial energy e(kg) is equal to 0.4 eV and the BB energy §=0.60
eV.
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]
0 05
INITIAL KINETIC ENERGY (eV)
FIG. 15. Calculated BB precession for an isotropic distribu-
tion of electrons with a given kinetic energy e(ky), and spins

along z, when entering the BBR. The calculation is performed
vs €( k) for two values of the BB energy 8.

BAND BENDING PRECESSION (deg)

crystal, which defines the value of S,. When the BB ener-
gy is not larger than the ballistic-electron energy, this
coherent precession does not very significantly modify ei-
ther the bulk precession angle or the bulk polarization
value.

IV. DISCUSSION OF THE EXPERIMENTAL
RESULTS

In this section we use the above models of spin preces-
sion and define a procedure to analyze the experimental
6,(¢) curves. Then we discuss our data, and finally indi-
cate the limits of application of our model.

In the spin-precession phenomenon, the important fac-
tors are the magnitude of w(k) determined by G, the BB
energy 8, the shape of the momentum distribution, and the
hot-electron mean free path [ for ballistic electrons. For G

30

20

10

BAND BENDING PRECESSION (deg)

1

1 1 1 1
0] 02 04 06 08 10

BAND BENDING ENERGY (eV)

FIG. 16. Calculated BB precession for an isotropic distribu-
tion of electrons with a given energy €(k(), and spins along z,
when entering the BBR. The calculation is performed vs the BB
energy & for several values of e(kg).
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we use the value 5%%/2m already indicated in Sec. ITI B.
The BB width can be calculated using Eq. (4) from the
known doping level, once § is given. We thus take § and
I(¢) as parameters to be deduced from the experimental
data. There should be consistency over their determina-
tions from the different parts of the spectra and for
different excitation energies.

We successively consider the lowest-energy part of the
precession spectrum, which allows an estimate of § (Sec.
IV A); the spin precession in the intermediate-energy
range, leading to an independent determination of §, and
the possible effect of electrons relaxed in the L and X
minima (Sec. IV B); the highest-energy part of the spec-
trum, leading to an estimation of the hot-electron mean
free path [ (Sec. IV C).

A. Lowest-energy range

The low-energy part is limited by the vacuum-level
cutoff. Since it contains the dominant contribution to the
photoemitted current,’ it determines the overall polariza-
tion and, for a nonvanishing thermalized-electron polar-
ization, the spin precession in the energy-integrated mea-
surements. Because we only observe the part of the I'
peak merging above the vacuum level, we cannot unam-
biguously state that the electrons emitted at the lowest
energy (“thermalized electrons”) originate from electrons
thermalized in the bulk solid, having possibly lost energy
in the BBR. Nevertheless, we will assume that their po-
larization and precession angles are not significantly
different from those of the truly thermalized electrons.
This assumption may lead to an underestimate of 6,. In
the low-energy range, if the energy dispersion is taken as
parabolic, by integration of Eq. (5) and use of Eq. (18) we
find that 6, is proportional to L3, ie., to 8/2N;'/%
then, underestimating 6, would yield a too small value of
5.

On the low-temperature spectra for hv=1.83, 1.92,
and 1.96 eV taken with an almost zero affinity (Fig. 9),
the thermalized electrons have the same spin precession
(=~5°), within the error bars, whatever hv. This fact
confirms that for such electrons 6, is built up in the BBR.
From this value, using the calculation of the BB preces-
sion of Sec. III [Egs. (21)] we deduce 6=0.4 eV. For
hv=2.18 and 2.34 eV (Fig. 10), the sample is under posi-
tive electron affinity and the mean electron spin suffers a
very large precession for € close to zero, probably because
of the selection at emission of electrons with momenta
approximately normal to the crystal surface.?*?*

In the spectra taken at 300 K for near-band-gap excita-
tion (hv=1.55 eV) (Fig. 8), the measurement Gp ~18° can
only be interpreted by §=~0.7 eV. Such a variation of BB
energy with temperature can be predicted in models
where both donor- and acceptor-surface states are
present.?® In the other 300-K spectra in Fig. 8 the
“thermalized” electrons suffer a spin precession, which
becomes more negative when Av increases from 1.55 to
1.92 eV. In fact, the affinity is only slightly negative, so
that a part of the signal arises from more energetic elec-
trons, which lost some energy in the BBR and overlap
with the true thermalized electrons.
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B. Intermediate-energy range

Such a distinct range exists for sufficient photon ener-
gies (hv>1.96 eV) and we discuss it on the 110-K data
(Figs. 9 and 10). For hv=1.96 eV the precession angle
Op is positive, but smaller than for hv=1.83 or 1.92 eV.
For hv=2.18, 2.34, and 2.60 eV, negative 6,’s are ob-
served. In fact, the change in sign of precession is not
correlated to the threshold for emission of electrons from
the L (e>0.3 eV) or X (¢ > 0.45 eV) minima,?’ or for exci-
tation from the spin-orbit-split I'; valence band. We ob-
serve it at an energy ~O0.3 eV lower than that of the
ballistic electrons excited from I'y,, whatever hv.

As discussed in Sec. III C2, negative precession angles
come from off-normal k, i.e., they are built up when a
quasi-isotropic momentum distribution enters the BBR.
The theoretical curves in Fig. 16 represent the BBR pre-
cession angle versus 8, for an isotropic momentum distri-
bution entering the BBR with spins along z. These
curves set an upper limit to the value of & which permits
observation of a negative spin precession in this energy
region: the measurement Gp =-9° for £€=0.48 eV,
hv=2.60 eV implies 6 <0.50 eV at low temperature. By
comparing the experimental and calculated precessions,
we deduce that the electron distribution becomes isotro-
pic after an energy loss of about 0.3-0.4 eV below the
high energy threshold.

In Fig. 10 the low-energy zeros of the 6,(¢) curves
seem to occur at the same kinetic energy €~70 meV for
the three excitation energies 2.18, 2.34, and 2.60 eV.
Since the observed structures in the EDC’s are down-
shifted by more than 100 meV because of energy loss in
the BBR,”'® the bulk energy for which 6, =0° should be
of the order of 0.20 eV. According to the theoretical
curves in Fig. 16, this should correspond to a BB energy
of the order of 0.35 eV, a value not far from the estimate
made in Sec. IV A.

The very large negative 6, for hv=2.18 and 2.34 eV
cannot be explained by our parameters, which fit the
low-energy range. Since the electrons excited from the
I'; valence band are responsible for the observed negative
polarization,® their spin precession has to be taken into
account. This contribution, evaluated in the ballistic-
electron model presented in Appendix C2a, was con-
sidered; however, it gives negative precessions still too
small by a factor of =2.

Electrons accumulated in the L minima, and having
suffered energy relaxation in the BBR prior to emission,
could contribute to 6, in this energy range. Since the
conduction band is also spin-split in the vicinity of the L
minima,?® we expect a spin precession related to this spin
splitting. In order to calculate the corresponding preces-
sion vector w;, after Ref. 28, we have used the kp
description of the bands around the L point and then
added the spin-orbit interaction as a perturbation. It can
be shown that w; is proportional to k X L, where L is the
unit vector along the considered L direction. Four
(111) directions have a component on the (110) normal
to the surface. For these directions the gain of momen-
tum in the BBR is such that it results in a nonzero trans-
verse spin component. Electrons having a small impul-
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sion in the four L valleys belonging to the (110) plane also
suffer precession. The in-plane and out-of-plane masses
are unequal; the corresponding contributions to the pre-
cession angle differ in value and sign. Then the net spin
precession for electrons emitted from L has a complicat-
ed variation.?? Besides, the measurements on (100) GaAs
(Ref. 6) showed that electrons emitted after energy relax-
ation in the L minima are depolarized through the spin-
relaxation mechanism associated with the L-valley spin
splitting: such electrons will not affect the observed spin
precession.

Electrons can also be accumulated in the X minima, for
hv>2.18 eV. The spin precession in the X minima
differs greatly from that in the L ones, since, to first order
in the k-p perturbation, for X taken as [001], wy is now
proportional to (k,, —k,,0). The deduced precessions for
the different X valleys do not average to zero. Because
the X structure is weak in the EDC’s, as can be seen in
Fig. 5, its contribution to the spin precession will not
drastically affect the overall shape of the spectrum. Yet
we expect an enhancement of the negative precessions, as
will be discussed in a forthcoming paper.?’

An explanation for the overly small calculated preces-
sion angles could be a reduction of the doping level near
the surface, leading to an increase in the BB width £,
after heating the sample at =850 K in the cleaning pro-
cedure. A larger .£L could also better explain the blurring
of the hot-electron structures in the EDC’s (see Sec. I1 C).
The value of the BB energy deduced from the
precession-angle measurement in the lowest-energy range
would be somewhat reduced, yet in our experiment this
determination is not the most reliable one (see Sec. IV A).
In fact, the estimation of 8 from the zero of the 6,(¢)
curves, in the intermediate-energy range, given by Eq.
(C19), which is independent of .L, would not be modified.
In the limit of the experimental uncertainties, the deter-
minations of § in these two ranges would remain con-
sistent.

From this discussion on the intermediate-energy-range
results, we can conclude that the steep decrease in Op re-
ported in energy-integrated experiments for hv> 1.8 eV
(Ref. 9) is not due to side-valley effects but rather to the
contribution of an isotropized nonthermalized-electron
distribution crossing the BBR. This contribution be-
comes important because, for these excitation energies,
the thermalized electrons are strongly depolarized.

C. Highest-energy part of the spectrum

The low-temperature results on ballistic electrons pro-
vide two data, the precession angle and the spin polariza-
tion. As explained in Sec. III C 2, the bulk contributions
to these parameters are both determined by A=yl /v.
To analyze these data, we assume that the only process
reducing the bulk polarization is the precession effect
considered here: this is supported by the study on (100)
GaAs;® we neglect the effect of the BBR as mentioned in
Sec. III C2, because for our photon energies the kinetic
energy at excitation is of the order, or larger than, the BB
energy (0.4 eV) determined in Sec. IV A.
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The measured values of 6, and P, at a given kinetic en-
ergy give two independent determinations of A, which
should be consistent if only ballistic electrons were emit-
ted. Practically, for hv<2.34 eV we deduce from P, a
value of A approximately 2 times larger than that ob-
tained from 6,. For hv=2.60 eV the A deduced from P,
is even 5 times larger than its determination from 6, but
in this latter case the measurement at the highest kinetic
energy is performed as far as 0.18 eV from the promotion
energy, so that the ballistic-electron contribution can no
longer be isolated and we observe electrons having lost
some energy. For the other hv’s the measured extreme
kinetic energies are 40—-80 meV below the high-energy
threshold: measurements at the threshold were impossi-
ble because of the extreme weakness of the emitted
currents; indeed, much smaller than those emitted from
(100) GaAs surfaces in the same conditions. This smaller
yield could be attributed to the poor transmission
coefficient of the (110) surface, as pointed out in the cal-
culation of Burt and Inkson.’® In such a situation, the
exact prediction of 6, and P, would require information
on the momentum, energy, and spin-relaxation mecha-
nisms.

Qualitatively, the anisotropy of the momentum distri-
bution should be reduced by this low transmission: if
purely ballistic electrons can no longer be isolated, the
contribution of the BBR to the precession angle should
decrease and even become negative for a totally isotropic
distribution. Then, the observed Gp would be smaller
than expected for ballistic electrons, and would corre-
spond to underestimated values of A. Conversely, the ad-
mixture of nonballistic electrons leads to a further polar-
ization reduction, so that the A values determined from
P, appear as upper limits. We can then conclude that the
true A values are bounded between the two estimations,
from 6, and P,. However, polarized hot luminescence’
and polarized hot photoemission results® show that the
decrease of polarization is not drastic on the first 50 meV
below the high-energy threshold. Thus we consider the A
value deduced from P, as more reliable, take the ob-
served P, as the bulk value, and for each exciting photon
energy we determine A =wg/ /v and, consequently, the ex-
pected bulk precession 6y,,. From A we deduce /(e) at
excitation from I'y;, (see Appendix B).

As can be seen in Table II, / decreases from 150 nm
(€=0.30 eV) to 110 nm (¢=0.91 eV). These values are
consistent with the determinations on (100) GaAs
(p ~10' cm—3) in which / =75 nm in this energy range:*!
a higher doping level shortens / in this concentration

TABLE II. Hot-electron mean free path deduced from the
highest-energy part of the spectrum (Sec. IV C).

€ (eV)
0.30 0.37 0.40 0.58 0.70 0.91
A 2 2.2 2.5 3.2 3.6 4.6
! (nm) 150 130 140 120 110 110
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range where electron-hole collisions are the dominant
energy-relaxation mechanism.3%33

The spectra at 300 K evidence a very important depo-
larization in the hot-electron region. This prevents any
quantitative analysis and suggests the presence of an ad-
ditional spin-relaxation mechanism.

V. CONCLUSION

In the present paper we have thoroughly studied spin-
precession phenomena versus the electron kinetic energy
in a noncentrosymmetric semiconductor. This analysis
completes the study of spin-polarized photoemission and
proposes a more accurate estimation of the hot-electron
mean free path, taking into account the conduction-band
nonparabolicity. From Kane’s k-p band model we have
also derived a density-matrix formalism equivalent to
that used in D’ymnikov-D’yakonov-Perel’ calculations.
The link between the two descriptions is clearly estab-
lished.

However, the originality of this paper stands in the
measurement of the angle between the normal to the
semiconductor surface and the spin vector at emission as
a function of kinetic energy under excitation by photons
of a given energy hv. This technique gives access to
band-bending properties, to the magnitude of the internal
magnetic field, and provides a picture of the evolution of
the electron-distribution anisotropy. In the high-kinetic-
energy range, the ballistic electrons, with an anisotropic
spin and momentum distribution, suffer spin precession
mainly in the bulk solid. In the lower-energy range, the
spin precession essentially builds up in the band-bending
region (BBR): (i) the electrons thermalized in the bulk
solid all gain the same momentum in the BBR; this high-
ly anisotropic momentum distribution leads to a spin pre-
cession of the same sign as that of the hot ballistic elec-
trons; (ii) in the intermediate-energy range, the electrons
enter the BBR with an isotropic momentum distribution
which, for sufficient initial kinetic energy, yields to a spin
precession of the opposite sign.

Energy-resolved measurements are particularly suited
to clarify spin-polarized photoemitted-electron-beam
properties. For example, in energy-integrated experi-
ments, both polarization and precession curves show a
steep decrease for hv>1.8 eV. In the study of the
energy-resolved polarization data,® it was emphasized
that this decrease is not due to electrons excited from the
spin-orbit-split valence band, but rather to the contribu-
tion of electrons excited from the light-hole band, which
becomes parallel to the heavy-hole one in this energy
range. In the present energy-resolved precession experi-
ments, we establish that the precession decrease is not
due, as was previously supposed, to the contribution of
electrons relaxed in the L valleys, but rather to that of an
isotropic electron distribution crossing the band-bending
region.
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APPENDIX A: DENSITY MATRIX
AND MEAN SPIN AT CREATION

This appendix does not take into account the effects re-
lated to the spatial inhomogeneity of light absorption,
which are discussed in the main text [Egs. (12), (14), and
(15)].

1. Density matrix

For excitation by a photon of given energy hv, which
causes transitions between valence states |v j) and con-
duction states |c;), the conduction electron density
operator p is deduced by application of the light dipolar
operator d on the initial valence states:

p=3'd|v;)v;|d

where 3’ expresses that the sum is restricted to valence
states compatible with the conservation of momentum k
and energy. Note that p is not a true density matrix since
it is not normalized to unity. We assume that the energy
bands are spherical and consider the conduction band as
doubly spin-degenerate [we neglect the spin splitting re-
lated to w(k)]. Consequently the density operator
reduces to a diagonal set of 2 X2 matrices, each of them
referring to a k direction at a given conduction energy.
We want to show that, in a k-p perturbation description
of the valence and conduction states, the average spin
vector of the conduction electrons, at excitation from any
valence band, is the sum of two components, one parallel
to the light propagation direction z, and the second one
along the electron momentum k, of modulus k.

(A1)

2. D’ymnikov, D’yakonov, and Perel’ formalism

D’ymnikov, D’yakonov and Perel’® (DDP) calculate
the interband radiative transitions in GaAs using the
k =0 conduction states. A possible conduction basis is
le,)=|[iS1]), | [iS1]), i.e., spin eigenfunctions along
the momentum direction. For excitation by circularly
polarized light, these authors derive the electron density
operator at the instant of excitation into the conduction
band. The operator is the direct sum of all the p(k)
operators, each one concerning the electrons created with
a given momentum k, for the different k satisfying energy
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conservation. Its expression in DDP’s paper is

. 2—
p=p(k) | [1—aq2B¥ =1 ;) L l1+250en
+B, 3(Q'V)(n2'1')—£'n (A2)

where 1 is the 2 X2 unit matrix, and g are the 2 X2 Pauli
matrices. The unit vectors along the direction of the
photon angular momentum (along the k momentum
direction) are n(v). For 0% (0 7) excitation, n is parallel
(antiparallel) to the light propagation direction. The fol-
lowing calculations are performed for o~ light excita-
tion, for which n is the outgoing normal to the crystal.
In the notations of the present paper we take n as z axis,
and label v as z’, to ensure coherency with Kane’s nota-
tions (see Sec. 3 of this Appendix). Using p we calculate
the average number of excited electrons ,(k) and the
average spin vector §y(k):

oV
(k) =Trp=2p(k) 1_a0ﬁi4)——1— , (A3)

2(K)So(k)=Tr(pg /2)=2p(k)[(sg— 1By)z+ 3By 22 )2'] .
(A4)

The parameters ay, s, and 3, characteristic of the ini-
tial valence band, are then easily interpreted: a, appears
in the trace of p and is representative of the anisotropy of
the electron number at creation; the angular averaged
spin vector [ (k)&,(k)(dQ/4m)/ [ »(k)NdQ/4m) is sz
and B,, which gives the spin component along the wave
vector, and reflects the anisotropy of the initial spin dis-
tribution.

3. Starting from Kane’s model

On the other hand, the upper valence- and lower
conduction-band wave functions for k540 are convenient-
ly described by Kane’s model,' using first-order k-p per-
turbation theory. This leads to the two secular equations

E'=0, (AS5)
E'E'—EGNE'+A)—k?PXE'+2A/3)=0, (A6

where E'(k)=E (k)—(#*/2m)k®. The energy origin is
taken at the top of the valence band, E; is the band-gap
energy, A the valence-band spin-orbit splitting, m the
free-electron mass, and iPm /# the momentum matrix
element between valence- and conduction-band states.
The doubly degenerate wave functions are given by

¢ =X +iN1/V2]),

$h_= | (X =iD)L/V2]),

b =a; | [iIST1)4b; | [ (X +iD)/V2))+¢; | [Z1]),
(A8)

b =a; |[iISL])+b; | [(X —iV)1 /V2)+c, | [ZL]),

with

(A7)
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a;=kP(E/+2A/3)/N ,
b,=(V2A/3)(E!—Eg)/N ,
¢;=(E;—Eg)E/+2A/3)/N .

(A9)

The index h refers to the heavy-hole band obtained from
Eq. (AS), the index i to the conduction (i =6), light-hole
(i =8), and spin-orbit-split (i =7) bands, given by Eq.
(A6). The primes denote that the wave functions are ro-
tated in the k direction, with k taken as the z’ axis (“local
basis”); N is the normalization factor, so that

a?+br+ci=1. (A10)

The conduction eigenstates |c;)=d¢,,d¢_ can no
longer be taken as pure spin states since b; and c; are
different from zero. The application of a spin operator
g;(i=x",y",z") on ¢¢, (ds_) gives a state out of the sub-
space generated by ¢4, and ¢¢_. The basis used for con-
duction states has to be extended to include such states,
and we choose the basis { | ¢;), | ¢, )}, with (¢, | ¢, ) =0.
The calculation of spin mean values does not involve
| ¢, ) states. Indeed each mean component is given by a
trace such as

Tripa,)= 3 (c;|d|v;){v; | d'e; | ;)
+2<0/|dlvj><vj|dtg-i|"/> .

The |c,) states cannot be reached by light excitation
from the lvj) states contributing to 3', since these
valence states are coupled to the |c;) only, i.e.,
(e, |d|v;)=0. Then Tr(pg,) is restricted to its partial
trace on |c;) states; this is formally equivalent to pro-
jecting the Pauli operators g; on the (¢4, ,¢¢_) subspace
into new operators X ;:

3 =(1-bllg, ,
z,=(1-b)g,
2, =(1-2b)g,. ,

where the prime components are referred to the local
basis. Now the value of by can be estimated. Its
definition is

be=(V2A/3)Ey{—Eg)/N ,

(A1D)

(A12)

with N given by
N=[(kPE,+2A/3*+2A/3)XEy—Eg )
+(Eg—EGg)Es+2A/3)2112 . (A13)
Since E g satisfies the secular equation, b is also equal to
be=V2(A/3NE{—Eg)'/?/N’
with
N'=[E{(E¢+ANE;+2A/3)+2(A/3)XEg—Eg)
+(E¢—EGNEg+2A/3)*1'2 .

Observing that E¢—E; >0 and that A>0, we deduce
that
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N'>E{(2E;—E;)'"?

and from the by expression, we find

0<bg<0.16(A/E;) (=3Xx1072 for GaAs) . (A14)

Therefore the spin operators 2; will be taken as equal to
the Pauli matrices g;.

4. Correspondence between the two formalisms

From Kane’s wave functions, we calculate p(k) and the
mean spin &y(k) for transitions from the different valence
bands, with the aid of the following symmetry considera-
tions, used in Ref. 1 to reduce the Hamiltonian and to es-
tablish the secular equations (AS) and (A6). The only
non-zero momentum matrix elements are of the type

(a) (S'|pe|S"),
() (S'|pe|X'),
() (X' |pe| X)) (X'|pe| YD (X' Dy 12,

and similar terms obtained by permutations of the com-
ponents.

From space symmetry? it is easy to establish the rela-
tions

(a) (S'|p.|S")=0,
(b) (S'|py | X )=(S|p,|X)=imP/#.

Moreover, Dresselhaus* showed that all (c) terms vanish
due to time-inversion symmetry.

For o~ light excitation, the dipolar operator is
d=p, +ip,. This definition of the dipolar operator is
somewhat unusual. Indeed, the light propagation direc-
tion is usually taken as z axis, which implies d=p, +1i Py
(px—ip,) for o* (07) light. With our choice of axis
orientation, convenient to calculate the spin precession,
the light propagation direction is opposite to z, therefore
d=p, +ip, for o~ light. The angle between z and k is
6.

a. Transitions from the heavy-hole band

In the (¢, ,d¢_) local basis, p is given by

) 1g? ) (cos—1)? 0
pk)=3ag(Pm /#) 0 (cosO+1)2 (A15)
so that

ek)=C{[1+(z-z')*]1-2(z-Z')(gZ')} (A16)

with C=1a}(Pm/#)*. Then the mean spin $y(k) lies
along the direction of k:

8o(k)= —2z'cos8/(1+cos’8) (A17)
and

~(k)=C(1+cos?0) . (A18)
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b. Transitions from the light-hole band
or spin-orbit-split band
The density matrix p;(k) for the light-hole (j =8) or
spin-orbit-split band (j =7) is
T 4 2ein2 2 2
p;(k)=[4;sin"6+B;(1+cos0)]1
+2B}cosbg,+24;B;sinf g, (A19)
where
A;=(Pm /fh)asc;+ajce)
and (A20)
B;=(Pm /fi)agh;—a;bs)/V2

are functions of k, i.e., of the kinetic energy. This trans-
forms into

p;(k)=[(A47+B})+(B}— A})(z-z')*]1
‘ZAJBJ(Q‘Z)‘*'ZBJ( Aj +Bj )(Z-z')(Q'Z') .
(A21)

In this case the mean spin momentum »(k)&y(k) is given
by:

~(k)8y(k)=—2B;[4;z—(A4;+B;)z-z)z'] (A22)
with
r(k)=2[(A}+B})+(B}— 4})z:2')] . (A23)

Thus, in the general case, (k) is a function of the kinetic
energy through 4; and Bj, and also of the angle 6 be-
tween the momentum and the normal to the surface;
$o(k) is made up of two components, one along z, the
other one along z’ (i.e., along k) and can be written

So(k)=m,z+m,cos0z’ (A24)
where m and m, are functions of k alone.
¢. Link between DDP and Kane formalisms
(i) Transitions from the heavy-hole band. By
identification of formulas (A2) and (A17), we find
ag=—1, By=1, so=17. (A25)

(ii) Transitions from the light-hole or spin-orbit-split
bands. Comparing formulae (A2) and (A21) giving the
density matrix p;(k), we deduce

2
. _ Bi-24.8,
°" 202B}+ 4}’
A2_B?
a=2-"—", (A26)
2B+ A
2
8 _,Bi+4;5
0= 2 2
2B} + A]

Note that this identification of Kane’s and DDP’s formal-
isms is only possible when the effect of spin mixing is
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negligible in the conduction band, i.e., b2 can be neglect-
ed [see Egs. (A12)-(A14)]. If this condition was not
verified, Kane’s formalism should be used.

5. Small- and large-k limits

It is interesting to determine the limits of the electron
distribution parameters near the Brillouin-zone center as
well as for large k.

a. Small-k limit

From Egs. (A9), we calculate the Kane coefficients for
k —0 and obtain

a6=1, b6=0’ C6=0,
a;=0, b;=—(2)"? ¢;=—(H)12, (A27)
a8=0, b8=—(‘;‘)l/2, c8=—('§‘)]/2.

The corresponding ag, By, 5 are summarized in Table III.

b. Large-k limit

For large k (say kP >>Eg;), we see from Eq. (1.6) that
two roots are diverging, namely E¢ ~kP and E; ~ —kP.
As the product of the roots of the secular equation is
k*P%2A/3), we conclude that E; ~ —2A /3 (this value is
the distance between the light- and heavy-hole bands at
large k, where they become parallel). Then
A;=B;=0,A3=0 and Bg=Pm /2#. As the sum of the
three roots is Eg;—A, then for the spin-orbit-split and
conduction energies E; +E¢=E;—A/3 and it is easy to
show that

Ay ~(Pm /2B)Eg+A/3)/kP ,
By~ —(Pm /%) A/3)Eg+2A/3)/(kP)* .

It follows that A3/Bg—0 and B;/A,—0 and, in fact,
these ratios become rapidly negligible when k is at some
distance of the zone center. Using these values, we
deduce the electron distribution parameters which are
presented in Table IV.

To summarize, for electrons excited from the heavy-
hole band, &,(k) remains parallel to k for any kinetic en-
ergy. For electrons excited from the light-hole band with
a large kinetic energy, 8,(k) becomes parallel to k, since
this band gets a heavy-hole character. For an excitation
from the spin-orbit-split band, at low kinetic energy
&o(k) is along z, but it gains a component parallel to k
with increasing kinetic energy.

(A28)

TABLE III. Density-matrix parameters in the small-k limit.

Transition from ay Bo So
| ' —1 -1 — }
| Y] -1 1 — 71{
r, 0 0 %
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TABLE IV. Density-matrix parameters in the large-k limit.

Transition from Qg Bo So
| O -1 -1 -1
r, 2 0 0

APPENDIX B: CALCULATIONS OF (k)
AND A =ayl /v IN KANE’S BAND MODEL

1. Various expressions
of the precession vector (k)

We first recall the correspondence between the
different expressions of the precession vector found in the
literature.

In Kane’s paper! the precession effect occurs in
second-order k-p perturbation: the modulus of the ma-
trix element of the cubic Hamiltonian between pure spin
conduction states is written as

Lio(k)=2V"2(abG /k)h (k) . (B1)

G expresses the coupling of the conduction and valence
bands through other bands of I's symmetry and arises
from the lack of inversion symmetry in III-V compounds,
G =$9#*/2m where 9 is a dimensionless constant, and a
and b are the conduction band wavefunction coefficients
obtained by first order k-p perturbation [Eq. (A9)] (the
index 6 corresponding to the conduction band is omitted
here).

D’yakonov and Perel’? introduce the dimensionless
constant a such that

fio(k)=[a(2m*3Eg) "« , (B2)

where m* is the conduction electron effective mass and
k=#h(k). In this expression @(k) increases as k?,
which is only true for small momenta, i.e., kP <<Eg. To
establish a correspondence between (B1) and (B2), we use
the expressions of a and b to the lowest order in k-p per-
turbation

a~1—(kP/Eg)(3+4n+29>)/6(1+7)*, (B3)
b=V 2q[kP/3E;(1+7)]
X[1—(kP/Eg)Y(9+10n+29%)/6(14+1)*], (B4)
with n=A/E, and obtain
#iw(k)=8G(P/Eg)[n/3(14+7)]
X[1—(kP/Eg) 6 +Tn+29%)/3(14+1)*]h(k) .
(B5)
In GaAs 2mP?/#=28.8 eV, i.e., P=1.7x 1072 Jm,

A=0.34 eV, and E;=1.52 eV, so that the term in
(kP/E)? remains small as long as k <1 nm~', so we
drop it from now on. In (B5) enter P, and in (B2) m*.

These quantities are related in the three-band k-p mod-
el:!:36
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m/m*=1+2[(3+429)/(1+7)], (B6)

where the dimensionless constant £=P?m /#E;. Then
the relation between a and § is given by:
32

1729 . (B7)

m*
m

4\/5__1]_
a=—
3 149

Using the numerical values of 1 and & for GaAs, we get
a=1.25%x10729. The value quoted by Maruschchak
et al.,’! a=0.07%0.005, corresponds to 9=5.6+0.4,
and does not differ much from §=5 used to analyze
spin-polarized photoemission experiments.® It is con-
sistent with the cyclotron resonance results of Zawadzki
et al’’ Note that Aronov et al. had previously mea-
sured a=0.06,%i.e., $=4.8. B

Fishman and Lampel®® write (k) as V'2(ab/
#k)B'h(k), with B'=4G, and estimate B'~10#2/2m in
GaAs (9=2.5). This value is too weak to provide
reasonable parameters from hot electron photoemission
experiments, in the case of emission from (100) or (110)
surface. Therefore in the present paper we will use the
value §=35.

2. Principle of the calculation of A

We use Kane’s expression of w(k). The conduction-
band velocity v=(1/#)V,(¢) is deduced from the energy
dispersion €(k), where € is the kinetic energy, also ob-
tained from second-order k-p perturbation: As discussed
in Ref. 36 the energy dispersion of the lower I conduc-
tion band is strongly influenced by the interaction with
the upper I's conduction band, not included in first-order
perturbation. We calculate @(k) and A in the small-k
(kP << E) and large-k limits, and perform analytical ex-
pansions in order to get a physical insight. Numerical re-
sults are then given for the real intermediate range.

3. Small-momentum limit (kP << Eg)

We use expansion (BS). For k along [110], 4 (k)=%k3,
so that

fiwy=~4G(P/Eg)[n/3(14+7)]k3 . (B8)

In this energy range the effective mass m* is defined by
the parabolic energy dispersion e =#°k2/2m*, the veloci-
ty v is equal to #ik/m *. Then A=w! /v is given by:

A=1e(8m*?/3#*)G(P/EG)n/(1+1)], (B9)
which is conversely written as

e~(A/DA ,
with

A =(3#%*/8m**)(Eg /GP)[(1+7m) /7] . (B10)

We replace the band parameters by their values in GaAs
(m*/m =0.067, the experimental value):

fiwg=33k3(1—0.84k?) meV ,

where k is in nm ! units.



4152

£=2.1x10"%A/[1(m)] eV (B11)

4. Large-momentum limit (kP >>Eg)

As discussed in subsections 3 and 4 of Appendix A, in
this limit Kane’s third-degree secular equation provides a
conduction-band eigenenergy E ¢ of the order of kP above

I's. By expansion around this value we find
E{=kP+(3Ez—A)/6 . (B12)

so that the velocity v is a constant: v =P /#. In the cal-
culation of the precession vector w(k) enter the limits of
a and b:

a=~(1/V2)[1+(3E;+A)/12kP],
b~(A/3kP)[1—(9E;+7A)/12kP] . (B13)

To this order of approximation wj is a linear function of
k

fiwy=(2AG /3P)[k —(E;+A)/2P] . (B14)
Using the expressions of &, and v, we deduce A:
A=I1(2AG /3P*)[k —(E;+A)/2P] . (B15)

We only consider the T valley in the lower conduction
band. Because of the large free-electron mass, we can as-
similate e=E;—Eg+(#k*/2m) to Ey;—Eg, ie,

~kP —(3E;+A)/6. Then there is again a linear rela-

tion between € and A:
e=(A/I)(3P3/2AG)+A/3 , (B16)

which allows us to deduce /(g) from the €(A) values. For
the GaAs band parameters (B9)-(B16) give (k is ex-
pressed in nm ~! units)

E;~1.06k +0.70 eV ,
v=1.6x10°m/s ,

e=1.06(k —0.77) eV ,

#fiwg=41(k —0.88) meV ,

A=3.9(k —0.88)x 10’[/ (m)],
€=2.7X1073A /[l (m)]+0.11 eV .

(B17)

5. Numerical estimations

In the domain (1<k <3 nm~}, i.e, 0.4<e<2.1 eV),
which corresponds to our experimental situation, the nu-
merical resolution of the third degree secular equation
evidences almost linear variations, which can be approxi-
mated by:

€~0.824(k —0.47) eV, accurate within 15 meV
(B18)

(B19)

in this range ,
fiwy=30.8(k —0.49) meV ,
v=1.23x10° m/s .
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We deduce
A=3.8(k —0.49)10[! (m)]
€=2.17x10"81/[] (m)]+0.01 eV ,
i.e.,

£~2.17x 10780 /[I (m)] eV . (B20)

In our physical situation the hot electron mean free path
1 is a function of €. The experience yields values of A, and
we deduce /(g).

Notice that the relations £(A) obtained in (B11), (B17),
or (B20), that is, in all k ranges, give very similar slopes.

APPENDIX C: EVALUATION
OF THE SPIN PRECESSION

1. Symmetry properties of the spin momentum components

The evolution of a spin §(k) submitted to a precession
vector w(k) is governed by the equation

d$(k)
dt
Starting from this general expression, the direction of

the spin vector at emission, averaged over all k direc-
tions, can be simply predicted from symmetry arguments.

o(k)X$k) . (C1)

a. (110) face

We use the axes defined in Sec. IIIC1 and Fig. 11 and
consider the transformation (kx,ky,kz)a(kx,—ky,kz ).
The precession vector (0,,0,,0,) is transformed into
(—w,,0,,—w,) [see Eq. (16)], and the spin vector
$*=(8F, 8, 87) becomes ™ =(8;,8,,8;). The fol-
lowing set of equations is deduced:

d(S7—87) v oo . o
=0 (8 =8 )~ (8] +85)
d($SH+8))
—%:wz(&j—&;)—w,‘(é’j—é’;) » (CZ)
d($}—87) . b e-
=S 8 )0, (ST =87,

From Eq. (A4), at excitation into the conduction band,
S8 =8 +8, =8 -8,=0. (C3)

The same condition is obviously satisfied for a spin distri-
bution with & along z. Since zero is a solution of system
(C2) with this initial condition, we deduce that condition
(C3) remains valid during the whole evolution. More-
over, n(k,,k,,k,)=r(ky, —k,,k,) [see Eq. (A3)], so that
the resulting spin momentum after precession carries no
y momentum, i.e., it lies in the x-z plane.

b. (100) face

The same analysis is carried out, taking the cubic crys-
tallographic axes as the reference frame and making the
transformation  (£,,4,,£4,)—>(—4£,,—4£,,4,), which
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transforms (o, ,0,,0,) into (— ,,) [see Eq. (8)].
We find that & +8 e8°++eS°_—eS°+—é° remains
equal to zero during the precession, so that the resulting

spin remains along z.

2. Bulk precession

We consider all electrons with wave vectors k in the
different directions allowing emission and calculate their
total spin moment M =nS8, such that

dQ dQ

M= [n()S) =, n=[nk) (C4)
when entering the BBR after suffering the precession in
the bulk crystal, given by integral (14) and its simplified

form (15). We use the decomposition of the spin momen-
tum ~2(k)$y(k

r(k)8Sy(k)=mz+m,cos02' , (C5)

where m, and m, are defined according to formulas
(A22)-(A24) and only depend on k. We successively con-
sider the emission from the (110) and (100) faces, and
deduce the maximum polarization Py=2S =2M /n. In
the case of photoemission from the (110) face, the bulk
precession angle 6, is equal to arctan(M,/M,)
=arctan(S, /S,).

a. Emission from the (110) surface

We showed above in subsection 1a that M,=0. We

express w(k) in the (x,y,z) frame with z along (110), as
deduced from [Eq. (16)] (see Sec. III C 1), to calculate M,

and M,. It is straightforward to see that the three com-
ponents of M are

M, =(al/4m)AM(m I,+m,I5) with A=wyl /v , (C6)
M,=0,

MZ=(al/41T)[m1(Il +12)+m213] ) (C7)

where I, I,, I3, I,, and Is are the dimensionless in-
tegrals defined below, @ being the azimuthal angle in the
(x,y,z) frame:

1= fn/2f02‘"' 11—+(((0 IZ//C')) sinfcosfdbdy , (€8
wl /v)
12=fomfoz"(m-z/w)zsinecosedemp, (€9)
w/2 27 sin@ cos’0
Is—f fo 1+(w1/v)2d9d‘p’ <
T/2 (27
14—f fo 1+< 1/ )zsmecoseded(p’ “
wl /v
- (0,k,x)/w,
I=[ /2f02ﬂ1+< 1/v) sinf cos’0d0dg . (C12)
w U

Because of the complicated variation of (k) versus angle
and energy, these integrals are calculated numerically.
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b. Emission from the (100) surface
Using similar arguments, we find that
M,=0,
M,=0, (C13)

M,=(al/4m)[m (I +15)+m,I5],

where I}, I3, and I} are, respectively, the same integrals
as I, I,, and I,, except that the proper expression of
o(k), deduced from formula (7), is used. A reduction of
M, i.e., of Py, due to the presence of w, is evidenced.

3. Precession in the band-bending region
for the (110) face

We only consider the two special cases of electrons
entering the BBR with spins along z (subsection 2 a), or
of ballistic electrons excited from the I'y, heavy-hole

band and having precessed in the bulk solid (subsection
2b).

a. Spinsalongzatz=—L

The precession is built up in the BBR. All spins pre-
cess in the x-z plane (see Sec. III A 1) and the total pre-
cession suffered in the BBR by an electron of momentum
koat z=—L, with k,,> 0, is [Eq. (21)]

o) = fofa)ydt .

Using the relation [Eq. (18)] between dt and dk,, the fact
that k,dk, =k dk, and the expression of w, [Eq. (16)], we
get

05(ko)=2G(gge, /N 4e2)/?

(C14)

212
X f (k)b (k [:(k)f‘;flif’)‘]”l)n dk, (C15)
where @ is the azimuthal angle in the (x,y,z) frame,
£(0,p)=sin’0(2 sin’p+ 3 cos’p) , (C16)
and k is such that
e(ky)=elky)+8 . (C17)

The integral is performed numerically. The result for
8=0.6 eV and k, corresponding to a kinetic energy
€(ky)=0.4 eV is plotted in Fig. 14 for various angles
6,9).

To get a physical insight, we use the approximate ex-
pression (B18) of the kinetic energy for large momenta
e(k,)—elky)=A(k —k,) valid in our energy range
1<k <3 nm~!. We also notice that in this range the
product ab is almost constant (=0.025). Under these
two assumptions an analytical expression of 05(k,8) is
obtained:

05(ky,8)=~4G A ~3ab(ese, /N 4e2)'/?

X8 [1-f(6,9)]Y*+2Y+1), (CI8)
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where Y = Ak, /6. This expression shows that 65(kg,6)
may be negative for large off-normal angles [f(6,¢)> 1]
and an energy Ak, large with respect to 6. For example,
in the case of Fig. 14 the approximate expression (C18)
predicts that for ¢=0, 65 =0 for 6§=48°, whereas the ex-
act calculation (C15) gives 6=57".

The observed 05(k,,8) is the average of 05(ky,8) over
the momentum distribution at constant energy e(kg)
which enters the BBR. The only angle-dependent factor
in (C18) is f(6,¢), and its average for an isotropic distri-
bution is 3. The numerical value of 85(k,) is plotted in
Fig. 15 versus the kinetic energy €(k,) for different BB
energies 8. From the approximate expression (C18), we
find an expression of 65(ky,8) in reduced units, with a
numerical expression [the angle 65(k,8) is in deg]

05(ko,8)=46.3X[8(eV)]/X(—2Y*+2Y+1).  (C19)

We deduce from (C19) that 65 is minimum versus § for
Aky/8=3.4 and that it is zero for Aky,/6=1.25. The
curves 0g(k,,8) versus § in Fig. 16 show minima which
verify this latter relation with a maximum error of 16
meV in our energy range.

In the experiment the precession angle is measured for
different kinetic energies € of the emitted electrons on a
sample of given BB energy 8. We expect 85 to be a de-
creasing function of the energy, positive for small €, then
it becomes negative, as shown in Fig. 15. Practically, the
measurement of the value of k, for which 6 vanishes
should give an estimate of &.

b. Hot-electron distribution

The number (the total spin momentum) of ballistic
electrons with momentum k reaching the z =0 surface
plane is given, in the approximation al << 1, by Eq. (12)
[Eq. (15)] in which the integration is performed over the
whole sample thickness (— o <z <0). For electrons ex-
cited from the heavy-hole band [Eq. (A17)],

(k)=C(14co0s20), »(k)8k)=—Ccosfz' , (C20)

so that the momentum at z =0 is equal to
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Cal cos?0z’
14+ (wl /v)?

wXz
0]

Calcosf wl

n(k)S(k)=— - ;
1+l /v)* v

(c2n

These results assume that the electrons undergo the same
precession vector (k) in the whole solid. In fact, be-
cause of the presence of the BBR, w(k) is constant for
— o <z < —., and then becomes a function of the posi-
tion. The correct calculation should use the value at
z =—.L for the spin momentum entering the BBR from
the bulk crystal. To simplify the calculation, we will take
the value at z =0, i.e., n (k)S,(k) as given by Eq. (C21).
This means counting twice the precession in the BBR,
once with the bulk constant vector w(k) and the second
time with a precession vector increasing with z. In fact,
the precession angle at constant (k) on a distance .L, of
the order wyL /v, is negligible with respect to the total
bulk precession angle as long as £ <<I: this is approxi-
mately the case for £L~300 A and the / value that we
determine (/ = 1200 A). The net spin momentum M=n$
after crossing the BBR [see Eq. (21)] is calculated numeri-
cally. It depends on the parameter A=,/ /v and on the
BB energy 6. We take for initial value of A its determina-
tion from the polarization at maximum kinetic energy
when the effect of the BBR is neglected. Then we try
different values of & compatible with the low- and
intermediate-energy precession angles. We find that the
additional precession angle due to the BBR ranges from
+7° to +12°, to be compared to bulk precession angles of
the order of 20°-30° according to the excitation energy.
This extra angle is positive since the hot-electron distribu-
tion favors momenta oriented close to the surface normal.
In these same conditions the decrease of the net polariza-
tion in the BBR (from 24% to 19% for A=2.5 and from
18% to 17% for A=3.2, no significant effect for larger A)
is not very sensitive to the value of 8. Considering the ex-
perimental uncertainty, and the fact that the BBR contri-
bution is overestimated, as mentioned above, we will
finally take for 6, and P, the bulk contributions calculat-
ed for — o <z <0 according to the procedure of Sec.
IIC1.
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