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and photoelectron-momentum orientation from hot-electron luminescence
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It is demonstrated how the heavy-hole dispersion of bulk GaAs can be obtained along specific high-

symmetry directions from hot-electron to neutral acceptor photoluminescence spectroscopy. This is

done by analyzing the degree of linear polarization in terms of a detailed line-shape calculation to identi-

fy that part of the emission which is due to carriers with a particular wave-vector direction. A systemat-

ic plot of Eq {k ) with sub-meV accuracy is thus made possible over a range of wave vectors in the central
I valleys of direct-gap semiconductors. This method exploits the hot-electron momentum orientation

by linearly polarized light, which is systematically investigated, together with the extent to which such

momentum orientation persists in a hot-electron population either after one-phonon emission or when it
is subjected to significant carrier-carrier scattering.

I. INTRODUCTION

Hot-electron to neutral acceptor photoluminescence
spectroscopy can produce interesting insights into hot-
electron dynamics of direct-gap III-V semiconductors be-
cause the cw (e, A ) spectrum represents a direct record
of the steady-state electron distribution in the conduction
band. ' Due to the low incident laser power a very good
spectral resolution is achieved. This in turn makes it pos-
sible to analyze the line shape of the (e, A } emission
which contains a wealth of information on ultrafast
scattering processes and on the band structure of the
semiconductor material. ' For a detailed understanding
of the physics involved, a model was developed to calcu-
late such line shapes in great detail; it incorporates a k p
band-structure calculation and evaluates optical transi-
tion matrix elements in the dipole model.

This paper focuses on two areas. First, an observation
of the phenomenon of hot-electron momentum orienta-
tion by linearly polarized light is systematically investi-

gated and explained in detail (Sec. III}. This
phenomenon was predicted by Dymnikov, Dyakonov,
and Perel. Good conditions for observing this effect in
direct-gap semiconductors exist in a low-power and low-
temperature cw measurement of (e, A ) photolumines-
cence (PL) at excitation energies between 1.6 and 1.8 eV,
when the photoexcited electrons are both below the
I ~I. intervalley scattering threshold and out of the
range of thermalized electrons. Then perturbation by hot
phonons, a background plasma or transient phenomena is
negligible, and a detailed study of the sensitivity of hot
(e, A ) PL to polarized excitation is possible; here the
line-shape calculation mentioned above proves to be a
very useful tool for analysis and interpretation. This un-
derstanding is subsequently used to investigate how
carrier-carrier scattering and phonon scattering affect the
momentum orientation within a hot-electron population
(Sec. V}.

Second, it is demonstrated how the heavy-hole disper-
sion in GaAs may be obtained along speci6c high-

symmetry directions from hot (e, A } PL spectroscopy
(Sec. IV). Indeed, such measurements cannot distinguish
between emission from carriers with particular momen-
tum directions without extra theoretical input. While
effective-mass values are often determined near the zone
center, the dispersion of the I 8 and I 7 bands in bulk
GaAs has been determined away from it over a relatively
wide range of wave vectors from (e, A ) spectra, but
directional resolution could not be achieved at the time.
In quantum wells, this problem is made easier by the re-
striction to two dimensions. In bulk, it has so far only
been possible to extract directional information by elim-
ination of emission from carriers with particular k direc-
tions. In this paper, we demonstrate a method of
analyzing hot (e, A ) spectra in such a way as to obtain
the dispersion of the heavy-hole (HH) band along approx-
imate and along speci5c high-symmetry directions, name-

ly [100]and [111].

II. TECHNIQUE AND THEORY

Hot ( e, A ) luminescence, also called hot-electron
luminescence (HEL), is schematically illustrated in Fig.
1. Upon cw photoexcitation, one has E,„=Et, (k )

+Eo+E,(k}, where E,„ is the laser energy, Et, (k) the
heavy-hole energy, Eo the low-temperature band gap at
k=0, and E,(k) the hot-electron energy (direct transi-
tions). Upon immediate recombination, i.e., prior to any
phon on emission, the luminescence energy is
Ez = E(k) +EoE, . The acceptor binding energy E, is

independent of k because the acceptors are localized at
p & 10' cm . This allows the determination of the ener-
gies of both the hot electron and the photocreated hole in
terms of quantities easily accessible from experiment:
E,(k) =EL Eo+E, and —Et, (k}=E,„Et E, . This— —
memory of the hole state before excitation exists only in
the Srst HEL peak. The corresponding wave vector is
not directly accessible with this technique but can be
found using known dispersion relations of the condue-
tions band (for example, parabolic with known efFective
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mass, or from Ref. 9). The photoexcited hot electrons re-
lax toward the bottom of the band by successive emission
of I.O phonons on a 100 fs time scale, while optical
recombination occurs on a 1 ns time scale. The (e, A )

spectrum thus provides a direct record of the hot-
electron relaxation process. Figure 2 shows an example

l

of this so-called hot-electron cascade.
In the following we will focus on the leading peak in

this cascade. The line shape of this hot (e, A ) emission
may be calculated for a given E,„with the "golden
rule":

I(EI ) =f dk(M„, (k)) (M„(k)) 5[E,„—E,(k)—E~(k) —EO]5[EL —El, (k) —Eo+E, ] .
Brillouin zone

I(EI ) is the total luminescence intensity expected in the
(e, A ) spectrum at the energy EL. Energy conservation
for excitation and recombination is ensured in the two 5
functions. E„(k) and E,(k) are measured positive from
their band extrema. For the band structure a 16X 16 k p
Hamiltonian is used it is important that spin-orbit in-
teractions, nonparabolicity, and warping be taken into
account when investigating line shapes and polarization

Conduction
band

I

effects in any detail. The optical transition matrix ele-
ments ~M„,(k)

~
for excitation and ~M„(k)

~
for recom-

bination are calculated in the dipole approximation and
depend on the polarizations e and e' of the in-going and
out-going light, and on the magnitude and orientation of
k. Equation (1) is central to the present line-shape model.
It yields the spectral (e, A ) luminescence profile as it re-
sults from the specific band structure and the interaction
between light and the electron states in the dipole model.
Broadening effects, mainly lifetime broadening, are in-
cluded subsequently by convolving the resulting profile
with a Lorentzian to fit the measured line shape [cf. Fig.
4(a) below].

III. OPTICAL ORIENTATION
OF HOT-ELECTRON MOMENTA.

Luminescence
intensity

'I ~Ill l'(l '(I Acceptor level
~ M ~ C R ~ W M ' ~ ~ % 0

-hole
nce band

This section explains the theory of the orientation of
hot-electron momenta by excitation with linearly polar-
ized light. The expectations thus derived are then com-
pared with actual observation. In Eq. (1), the energy of
any observed luminescence depends on E,„and on the
band structure, whereas the intensity of any optical tran-
sitions is given by the optical matrix elements. We are in-
terested in the relationship between the polarization of
the exciting (and detected) light and the momentum k of
the excited (and radiatively recombining) hot electron.

The matrix elements for optical transitions between
hole and conduction states were derived in Ref. 2. Pure
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FIG. 1. Schematic of cw electron luminescence spectroscopy
in lightly p-doped GaAs (after Ref. 2). The vertical arrow on
the left represents laser excitation of electrons from the heavy-
hole band into hot conduction-band states with E,(k) &&k~ T.
Relaxation is via emission of a cascade of LO phonons in suc-
cessive steps of energy fur«. Since recombination during this
process is with an acceptor of k-independent energy, the (e, A )
spectrum exhibits a "hot-electron cascade" superposed on the
rising exponential tail of the band-gap luminescence.
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FICi. 2. HEL spectrum showing the cascade of hot electrons
relaxing via LO-phonon emission. HH denotes the succession
of six peaks, spaced by about fuu«, which trace the relaxation
of hot electrons excited out of the heavy-hole band; similarly
LH denotes three shoulders, tracing electrons from the light-
hole band. The Raman line is fico«below the laser line. The
first peak in each series is due to carriers recombining before
any phonon emission.
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and spherically symmetric wave functions were assumed,
and the correspondence principle was invoked to treat
optical interband transitions as oscillating, classical di-
poles that couple with the electric-field vector of the pho-
ton. The square of the amplitude of the dipole moment
&mlDln), where D is the dipole moment operator,
represents the probability of the corresponding interband
transition. For transitions between heavy-hole states
m. =+—,

' and conduction states s =+—,
' the nonvanishing

matrix elements were found to represent circularly rotat-
ing dipoles:

(2)

where A, and p are orthonormal vectors in the plane per-
pendicular to the electron momentum p. An excitation,
therefore, takes place with maximum likelihood if the
electric-field vector e of the incoming photon lies in the
plane of A, and JM in which the dipole representing the
transition is rotating. This is the case for all electron mo-
menta p forming an angle 8=90' with e, and the transi-
tion does not occur for electrons with momenta parallel
to e (8=0'). Both transitions allowed according to Eq.
(2) take place with equal probability. When the laser
photons are linearly polarized, the photoexcited electron
distribution F(p) is highly anisotropic. It will be propor-
tional to the component of e that lies within the plane
perpendicular to p, so that F(p)~sinz8. Specifically,
when say elly it has the shape of a disc in the xz plane, ro-
tationally symmetric about the y axis, with its center at
the origin, and its cross section resembling a figure eight;
it is drawn schematically in Fig. 3. This is because in

general F(p) contains as a factor the second Legendre po-
lynomial P2(cos8). Thus, linear polarization is expected
to align electron momenta in the plane perpendicular to
its electric-field vector.

This initial anisotropic distribution F(p) is of finite
duration, as the electrons- become subjected to various
scattering processes that tend to randomize their momen-
tum directions. However, during the first 200 fs follow-
ing photocreation, i.e., before phonon emission occurs
and if carrier-carrier scattering and impurity scattering
are minimal, the initial anisotropy of the momentum dis-
tribution largely survives (Sec. V). From the initial
states, recombination takes place with acceptor bound
holes, whose wave functions are spherically localized and
have the same m =+—,

' character as those of the heavy-
hole band. " Accordingly, the (e, JI ) recombination
photoluminescence sampling the hot-electron population
is also polarized in the plane perpendicular to the recom-
bining carriers momenta. Before discussing the measure-
ment of Fig. 4(a), we derive the spectrum from theory.

Considering excitation and recombination as two in-
dependent processes of the same nature, the intensity of
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FIG. 3. Cross section through the disc-shaped distribution
(bold and rotationally symmetric about the [001] axis) of elec-
tron momenta excited by photons with electric-field vector
e(([001]: electrons with pie have highest probability for excita-
tion. Arrows represent wave vectors. When detection is with
e'(~e, recombination from electrons with p oriented in the same
bold disc is observed. When detection is with e )([010], only
electrons with pj.[010] are likely to contribute to the detected
signal and only the overlap between the two discs is actually ob-
served.

FIG. 4. (a) HEL spectra of the first peak in the cascade mea-
sured in a x(yy)x geometry for Ill and x(zy)x for I, with
x~([100]. The 1LO-Raman signal near 1.6134 eV labels the
dashed line as the spectrum taken with ej.e'. T&10 K. (b) The
jagged lines represent the (e, A ) profiles calculated for the con-
ditions in (a) using Eq. (1) before broadening. Due to the HH
anisotropy electrons with k~~[100] directions account for the
low-energy end and [111] electrons for the high-energy end;
[110]electrons account for the peak. After broadening with a
Lorentzian the smooth shapes are obtained. The agreement
with (a) in both relative intensities and shape throughout the en-
tire peak profiles confirms the theoretical model.
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luminescence emitted with linear polarization e' at an an-

gle 8' with electron momenta along p, by a population
with momentum distribution F(p), is given by:

I, ~ jt F(p)sin 8'dQ',

where the integration extends over all angles O'. Substi-
tuting F(p) ~ sin 8 we have

I;~ f sin 8sin 8'dQdQ',

where the two integrations are over all possible angles 8
and 8', representing the angles (e,p) and (p, e'}, respec-
tively. It is necessary here to consider all p because mea-
surements of hot (e, A ) do not a priori discriminate be-
tween directions. According to Eq. (4}, the integrated
spectral intensity Il of the luminescence polarized paral-
lel to the incident laser (e'~~e) is 32m/15 in arbitrary
units, and the integrated spectral intensity Iz of the
luminescence polarized perpendicular to the laser (e'le}
is Sn/5. As a result the ratio of the integrated lumines-
cence intensities I~~ /I~ between the two respective
configurations is —,. The degree of linear polarization

ri=(I~~ I~)/(Il+I—~), when one takes the integrated
spectrum of the first HEL peak for each configuration, is
q=l/7. If one is interested in the relative intensities
emitted from electrons traveling along some specific
high-symmetry directions, then one obtains the following:

~[100] 3 & 9[»o] )) & 9[»1]
This may be seen in the two jagged profiles in Fig. 4(b},

which shows the result of our calculation based on Eq.
(1), integrating numerically over k space, for the two op-
tical configurations above: I~~ means e'le~~ [100], I~ means
e'le~~[100]. They contain all the information on the k p
bands involved and the optical transition matrix elements
consistent with the theory laid out above, and serve as
the basis for Lorentzian broadening; they represent the
starting point for the interpretation of the experimental
results below. The luminescence obtained with e'~~e is
significantly more intense than that observed for e'le,
this difference arising asymmetrically on the low-energy
side. Because of the lighter effective hole mass along the
[100] directions than along [111],the low-energy end of
the intensity distribution is due to electrons with k~~ [100]:
here the intensity is halved when 8' —+90', whereas the
emission from [111] electrons at the high-energy end
remains unaffected. This agrees with the mentioned
values for the degree of linear polarization: at 1.602 eV

g[ ]oo] 3
at 1.6105 eV g[ & &o]

=
—,', , and above 1.612 eV

g[»&]=0, and for the integrated intensities g= —,'. A key
point here is that these values of q actually identify the
energies at which emission from electrons with specific
momentum directions occur; we return to this important
point later. After suitable broadening with a Lorentzian,
one obtains the smooth curves in the same Fig. 4(b): our
calculation thus predicts two markedly different line
shapes for the two orientations of polarization. As can be
seen in Fig. 4(a), the corresponding measurements give a
very good confirmation of this prediction.

The spectra of Fig. 4(a) were taken for E,„=1.650 eV
(A, =751.43 nm), when E,=120 meV and

k =0.04(2m. /a }. The difference between the two
configurations x(yy}x and x(zy}x with x~~[100] was

created simply by rotating the polarization of the light in-

cident on the sample by 90' and exploiting the high linear
polarization sensitivity of the spectrometer. At this re-
gime of photoexcitation density (=10' electronscm )

intensity scales linearly with incident power, and carrier-
carrier scattering is negligible. ' The intensity ratio at
peak is 1.2, confirming the expected g= —,', at this point in

the spectrum. Using the entire integrated intensities
ri=9%, which compares favorably with the theoretical
value of g= —,

' given some laser drift and other PL back-

ground. The Raman peak superimposed on the I~ profile
but not on Il confirms that a degree of 100% linear po-
larization was incident onto the sample. The peak widths
differ on the low-energy side by a measured b,

(FWHM)=(0. 8+0.1}meV (FWHM is the full width at
half maximum), compared with the 0.9 meV in the calcu-
lated shapes. ' The fact that the measured spectra almost
overlap at the plot limit on the left-hand side proves that
differences in width cannot be due to carrier-carrier
scattering. Remarkable agreement exists indeed between
the theoretically predicted line shapes and the actual
measurement.

Two conclusions follow from Figs. 4(a) and 4(b). First,
the measurements are both qualitatively and quantitative-
ly entirely consistent with the argument made above
about the alignment of hot-electron momenta by linearly
polarized photons. It was checked that other, physically
inequivalent optical configurations do not give equivalent
results. Thus, after its prediction the orientation of hot-
electron momenta has now actually been observed.
Second, the present understanding and calculation of hot
(e, A ) luminescence is fully confirmed. Only for wave
vectors larger than 5% of the distance I'~X, corre-
sponding to E,„)1.750 eV, are the k p parameters found
to be inaccurate on a sub-meV scale. ' A reliable model
is thus available for detailed studies of hot photoexcited
electrons during the initial 200 fs of their lifetime. Sec-
tion IV illustrates for GaAs how it may be used to obtain
information on the anisotropy of the heavy-hole disper-
sion.

IV. DIRECT1ONAI RESOLUTION
OF THE HEAVY-HOLE DISPERSION

This section demonstrates for GaAs a method of
analyzing hot (e, A ) spectra in such a way as to obtain
the dispersion of the heavy-hole band both approximately
along and exactly along some high symmetry directions.
The hot (e, A ) emission spectrum can in fact be decon-
volved into contributions from different momentum
directions. This is demonstrated here in four steps with
increasing levels of directional resolution, eventually by
determining points on the HH-dispersion along
specifically the [100]direction and in principle also along
the [111] and [110] directions. For illustration we use
one set of spectra obtained with E,„=1.650 eV, corre-
sponding to a kinetic hot-electron energy of =120 meV
and k=0 04(2n/a), but t.he sam. e arguments apply in
principle for hot-electron states anywhere in the central



7994 W'. HACKENBERG AND H. P. HUGHES

I valley; however, close to k=0 band gap related PL
makes hot PL measurements difBcult, and at large k the
k.p based model becomes inaccurate.

The following four subsections differ in their
identification of a luminescence energy to be associated
with the emission from recombining hot electrons with
particular momentum directions. Once this EL, and
hence Ei, ( k }, is identified, the same method is used to
determine the wave vector ~k~ corresponding to this ener-

gy (cf. Sec. II}, so that the obtained dispersion curves
may be compared in one plot. The direction that this
value of ~k~ belongs to, and therefore, the direction of the
dispersion on which the so-determined coordinate
(k, EI, (k) ) lies, is subject of the following discussions.

A. The HH-dispersion approximately along [110]

As may be seen in Fig. 4(b), the maximum of the calcu-
lated unbroadened hot luminescence profile results from
[110]emission (henceforth this phrasing refers to the car-
rier momentum not the light geometry). At this point in
the profile the degree of polarization equals the theoreti-
cally predicted value ri= —,', for the [110] directions. In-

spection of the unbroadened and broadened theoretical
line shapes shows that the energy at which the peak of a
zero-phonon HEL occurs lies very close to the energy of
the emission from hot electrons with wave vectors of the
type k=k(1, 1,0). This difference (somewhat less for It
than for III) as a result of broadening is only 0.7 meV
when E,„=1.650 eV as in Fig. 4(b), and 1.5 meV when
1.750 eV (not shown). Therefore, from theory the posi-
tion of the HEL peak measured as I~ reflects fairly well
the energy of [110]emission, the deviation from the true
energy of the [110] emission being towards smaller ener-
gy. Because m&" = 10m,', about 10% of this systematic
deviation will affect Ei, and the remainder ~k~, introduc-
ing uncertainties of the same order as those due to the ex-
perimental resolution. Therefore, the energies of the
peak maxima may be used to plot EI, versus k if one bears
in mind that the dispersion obtained will be close to the
true [110] dispersion, but leaning systematically toward
the true [111]curve by a few 0.1 meV. For example, for
E,„=1.650 eV [Fig. 4(b)] the peak energy EL =1.6105
eV, yielding E&=11.5 meV. By making use of the
present theoretical model for the line shape it has thus
been straightforward to extract some directional informa-
tion from HEL spectra.

B. The HH-dispersion between [110]and [100]

This section shows what information can be obtained
from a spectrum of the absolute difference Ii III of the
zero-phonon peak of the hot (e, A ) photoluminescence.
We summarize what was recently pointed out in Ref. 5.
In a geometry where the in-going and out-going photons
are polarized along [100] crystallographic directions, the
degree of linear polarization in the emission spectra is
theoretically predicted as g[]pp] 3 p[»p] ]] and

g[»&]=0 and thereby identifies emission from electrons
with specific k directions (cf. Sec. II). Because
'g[]pp] + 'g[ ]]p] the overall difference sPectrum II~

—IJ

comprises emission to a large extent from [100] electrons
and to a lesser extent emission froin [110]electrons, both
contributions being broadened by emission from electrons
traveling along other directions. Because g[», ]=0, no
emission at all will be present from [111]electrons. Fig-
ure 5 shows such an absolute difference spectrum I~~

—Ij
obtained from the original spectra in Fig. 4(a). The posi-
tion of the maximum in I~~ I~ is redshifted by 2.5 meV
with respect to the maxima of its constituents, either I~~

or Ij. The magnitude of this shift depends on and in-
creases with wave vector (it is 6 meV when E,„=1.750
eV). Since these difference spectra are due to electrons
with large k components along one particular direction,
namely [100], and none from [111]electrons, the energy
of the maximum difference I~~

—Ij represents a measure
of the anisotropy of the hole band. Emission from [100]
electrons will account mostly for the lower-energy por-
tion of the overall III It inte—nsity, emission from [110]
electrons mostly for the higher-energy end of the
difference spectrum. The hole energy E& obtained from
its maximum, therefore, represents some average over
E& [&pp] and Ez [»p] of unknown weights. From such
measurements with different E, it is thus possible to plot
an E&(k) curve that will lie in between the true [100] and
the true [110]dispersions, and probably closer to the first.
Note that here e and e' are aligned with [100] crystal
axes: in this geometry the dispersion between [100] and
[110] was obtained. Analogous arguments show that
when the polarizations are aligned with [110] axes, one
obtains a dispersion curve between [110]and [111].

C. The HH-dispersion closer to [100]

Here we discuss the difference spectrum I~~
—Ij ob-

tained after the I~ spectrum has been normalized to the

I~~ spectrum at its maximum. It was seen in the preced-
ing section that the difference I~~

—I~ of the original spec-
tra contains the [100] emission on its low-energy side, and
in Sec. IV A that the [110] directions account for the

p
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FIG. 5. Difference I~~
—I~ of the original spectra in Fig. 4(a).

This signal contains no contribution from electrons with

k~~[111], a large contribution from electrons with k~~[100] and
some from electrons with other orientations of k {when
e, e'~)[100]), but the exact proportions are unknown. The shift
of the maximum of I)I —I& with respect to the maxima of its
constituents is a direct measure of some of the anisotropy of the
HH valence band.
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emission near the maximum of the HEL peak. There-
fore, by first normalizing the HEL profiles at their maxi-
ma and subsequently subtracting (i.e., Ii „I—j „)a larger
fraction of the luminescence emitted by hot [110] elec-
trons may be eliminated than by taking the difference of
the original spectra Ii I~—. The relative content of [100]
emission is thus significantly increased in Fig. 6, which
shows the difference I~~ „—I~ „obtained in this way from
both the measured and calculated original spectra in Fig.
4. The theoretical and measured maximal differences

I~~ „—I~ „ in this figure are redshifted considerably with
respect to the maxima in the original spectra (by more
than in Fig. 5): by (4.6+1) meV for E,„=1.650 eV and,
not shown, by (9.8+2) meV for E,„=1.750 eV. The
main source of error is the spectral resolution; moderate
laser power fluctuations do not affect the position of the
maximum difference I~~ I~ Thus a further, and better,
measure of the HH anisotropy is provided: one obtains
from the measured maximum in Fig. 6 a point Eh(k)
which still lies between the true [100] and the true [110]
HH dispersions, but considerably closer to [100] than
with any of the previous methods. However, it is still not
known quantitatively how distant the resulting curve is
from the true [100]dispersion.
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FIG. 7. Degree of linear polarization g(E) as defined in the
text and using the data of Fig. 4. Dashed: from the calculated
unbroadened profile; the 0's mark the positions corresponding
to emission from k values lying along the principal crystallo-
graphic directions. Dotted: from the calculated broadened
profile. Continuous: from the measured spectra I~~ and I, . The
positions of the maximum and minimum of q(E) label the emis-
sion from [100]and [111]carriers: markers indicate the theoret-
ical position, which are slightly shifted by the line broadening.
Thus the extrema in the measured graph identify the emission
from carriers with k purely along those directions, if this shift is
taken into account (see text for discussion).

D. The HH-dispersion along the [100]and [111]directions

In this section we demonstrate how the HH dispersion
may be obtained from hot (e, A ) PL not merely close to
but actually along specific high-symmetry directions.
The idea is to plot, as in Fig. 7, the degree of linear polar-
ization g(E) as a function of luminescence energy across
the first HEL peak in the cascade, both from theory and
from measurement, and to relate characteristic features
in these graphs to emission from carriers with specific k
directions.

When g(E) is calculated from the unbroadened profiles
of Fig. 4(b) given by the full 16X16 k p calculation, the
dashed line is obtained, similar to the results of Alekseev
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FIG. 6. Difference I~~ „—I] „after normalization of I~~ to Iz
at the maximum, from the measured spectra in Fig. 4(a), and
from the calculated curves in Fig. 4(b). The peak of this
difference signal is at lower energy than that of the original I~~
and I& spectra, and than that of the absolute difference I~~

—I] in
Fig. 5, because the proportion of emission from hot electrons
with k~([100] is increased here, providing further information
on the HH anisotropy.

et a/. ' Its extremal values g= —,
' and r1=0 identifies that

part of the unbroadened spectrum which is due to car-
riers with k purely along the [100] and [111]directions,
and g= 1/11 identifies that due to [110] carriers (black
markers). When g(E) is drawn from the calculated
broadened profiles of Fig. 4(b), the dotted curve results:
the two mentioned extrema of g(E) persist as a maximum
and as a minimum (from the [100]and [111]emission, re-
spectively), but due to the broadening they have moved
slightly toward each other. These features are also ob-
served when g(E) is drawn directly from the measured
spectra in Fig. 4(a}, shown here as the continuous line,
with the maximum well resolved. Note that any experi-
mental drift in the relative intensity of the I~~ and I„spec-
tra would merely shift the rl(E) curves on the y axis.
From theory, we know that the maximum g,„,h of the
theoretical g(E) (dotted line) labels the luminescence
from electrons with k~~[100], except for the broadening
induced shift: therefore, the maximum g,„,„~ labels the
position of the energy axis of emission specifically from
electrons with k~~[100], provided the broadening induced
shift is taken into account. A measure of this shift
(to within =0. 1 meV} is provided by the energy dif-
ference hg, „,h between the two theoretical maxima
from the unbroadened and broadened profiles. Then
EL, (~oo}=E(g,„,„~)

—b,gm,„,h yields the energy EI (,oo}
of the emission line specifically from [100] electrons. In
the example of Fig. 7 for E,„=1.650 eV one finds
E(g,„,„)= 1.6027 eV, b q,„,h=0. 4 meV, and
EL

~ &00~
= 1.6023 eV, which yields the point

Ez(k~([100])=20.0 rneV on the HH dispersion along
specifically the [100]direction. Thus it has become possi-
ble to resolve the heavy-hole band quantitatively and for
exactly specifiable crystal directions from hot (e, A )
luminescence spectroscopy.
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In an analogous manner, a point on the HH dispersion
along specifically [111] is obtained by identifying the
minimum of the measured ri(E) curve with luminescence
from [111]carriers and correcting for the broadening in-
duced shift through EL (»&)=E(g~;„,„~)+b,ri;„,h. In
Fig. 7, this minimum is near the Raman dip but not
resolved with satisfactory accuracy here. It is more
diScult to obtain the dispersion along [110], since this
direction is not labeled by any prominent feature in the
ri(E) graph. However, one way is the following. Let
E(,00),„,E(»&),h, and E(„0),h be the energies (markers
in Fig. 7) of the theoretically calculated emission lines
from electrons with k along the direction of the sub-
scripts. Then the ratio (E(»,),h

—E(„0),„)/(E(»0),h
+E ,(00),„) (about 0.3) locates the [110] emission with

respect to the other two emission lines, which in turn are
quantities obtainable from the measured tl(E) curve in
the manner indicated above.
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FIG. 8. Anisotropy of the hcavy-hole dispersion in GaAs ob-
tained from hot (e, A ) luminescence, as indicated in the legend
and detailed in the text. The lines are parabolas as a guide to
the eye. The closed symbols are results from the present work;
~ are expected to lie close to the [110]dispersion, ~ between
[110]and [100],and 4 still closer to [100]. A, from the degree
of polarization g(E), give the dispersion specifically along the
[100] direction; all other symbols are for approximate direc-
tions. The open symbols are from Ref. 5, C3, the results should
lie between the true [110] and [111] dispersions, 0 between
[110]and [100].

E. Summary

The four methods given in Sec. IV A —IVD for obtain-
ing heavy-hole dispersion curves E„(k) along approxi-
mate and exact high-symmetry directions in k space are
summarized here, and the results obtained with each
method are displayed in Fig. 8 and compared with relat-
ed work. Also included in the figure to guide the eye are
parabolae with m ~*&00~ =0.388m0, m ~'»0~ =0.656m0, and
m ~'»,

~
=0.92m0, obtained from nonlocal pseudopotential

calculations. '

In Sec. IV A, theory showed that the maximum of an
HEL zero-phonon peak occurs at approximately the
same luminescence energy as the emission from hot elec-
trons traveling along [110]directions. The resulting HH
energies are represented in Fig. 8 as closed squares and
are expected to lie close to and above the true [110]
dispersion. In Sec. IV B, the absolute difFerence I~~

—I~ of
measurements with e, e'~~[100] gave data points on a

curve expected to lie between the [110]and [100] disper-
sion: the closed circles. In Sec. IVC, the difference be-
tween spectra I~~ and I~ after normalization at their peaks
gave a curve also between the true [110]and [100]disper-
sions, but significantly closer to [100], represented by the
diamonds. In Sec. IV D, it was shown that an analysis of
the degree of linear polarization ri(E) can yield the
dispersion along exactly the [100] direction, these data
are represented by the triangles. Once the minima in
71(E) are resolved, as mentioned in Sec. IV D, the result-
ing data points will represent the true [ill] dispersion
above the closed squares. Then both extremal dispersions
of the heavy-hole band will have been determined experi-
mentally from hot (e, A ) photoluminescence.

The open symbols in Fig. 8 are taken from other HEL
data recently reported in Ref. 5. The open circles have
the same meaning as the closed circles of this work. The
open squares were obtained from an analogous set of ab-
solute difference spectra but with e, e'~~[110]; they are ex-
pected to lie between the true [110] and the true [111]
curves. The data from both works are thus consistent
with each other and yield complementary information.

When assessing the accuracy of the coordinates of the
data in Fig. 8, one must distinguish between errors in en-
ergy, which is a measured quantity, and errors in the
wave vector, for which extra input from some calculated
model has to be used. The energy uncertainties of the
data obtained in this work are imposed mainly by the
spectral resolution, resulting in EEL =+1 meV at small k
and somewhat larger for k ~0.05(2n/a). For the Kash
data no errors are specified. Uncertainties also arise
from the determination of ~k~, for which the hot-electron
energy E,(k) measured in this work was linked to a wave
vector via the conduction-band dispersion given by Ruf
and Cardona. These authors find that their conduction-
band dispersion agrees with that obtained from the
present 16X16 k p Hamiltonian to within a few meV.
Consequently, an uncertainty in the absolute value of k of
b k =0.003(2n /a ) must be assumed, or about half of one
division in Fig. 8.

In summary, Fig. 8 illustrates the progress that has
been made recently in extracting directionally resolved
information from hot (e, A ) PL. It also highlights what
additional interesting information is contained in such
spectra ready for a systematic extraction, in conjunction
with a theoretical calculation of ri(E): the dispersions
along [100], [111],and also along [110]over an extended
portion of the Brillouin zone.

V. THE EFFECT OF SCATTERING
ON THE MOMENTUM ORIENTATION

This section briefly addresses two interesting points
which Sec. III passed over: what happens to the momen-
tum orientation within a hot-electron population when its
spatial density and, therefore, the likelihood for coulom-
bic scattering among carriers increases? And second,
what happens to the momentum orientation when the en-
tire hot-electron population is scattered by LO phonons?
The analyses of the leading HEL peak carried out in Sec.
IV is based on the situation in which hot-electron mo-
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In the preceding sections the assumption was made
that the photoexcited carrier density was sufFiciently
small for the momentum orientation of the hot-electron
population not to be disturbed significantly by carrier-
carrier scattering. The agreement of the experimental
data with the predictions of a model that does not include
density supports this assumption. In the following we
brie6y investigate what effects on the hot-electron
momentum distribution may be seen when their spatial
density is increased by an order of magnitude. ' '

The measurements discussed here differ from those in
Fig. 4(a) only in the density d of photoexcited carriers.
One pair of spectra I~~ and Ij was taken at a low incident
laser power density of 36 Wcm, corresponding to
d =8 X 10' cm, and a second pair at 440 W/cm, cor-
responding to d =9X 10' cm 3. Uncertainties of +15%
on the carrier density result from measuring the spot size;
stability of the incident power was ensured. The present
low-density spectra are indistinguishable from the previ-
ous spectra (cf. Figs. 4—6) and are, therefore, not dis-
cussed anew.

Figure 9 shows the zero-phonon HEL peak profiles Ii
and Ii at the higher carrier density. (The inset shows the
peaks before subtraction of the underlying background
arising from the Boltzmann tail of the band-gap lumines-
cence; in the absence of accurate knowledge of the band
gap Eo itself and of the intensity of the luminescence at
Eo under these conditions, the background was taken as
a straight line drawn between the extremes of each spec-
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FICr. 9. The first (e, A ) peak at the higher carrier density
d =9X 10' cm in II and I~ after subtraction of a linear back-
ground due to thermalizing electrons accumulating at the bot-
tom of the conduction band (see text). The inset shows the orig-
inals. Despite the large number of carriers present, the intensity
ratio I~~, /I~ and the asymmetry are comparable to those of the
corresponding low-density spectra in Fig. 4(a), suggesting a
broadly similar orientation of hot-electron momenta.

menta are orientated, and they can be used conversely to
study the possible breakdown of such orientation. Here
measurements relating to these two questions are present-
ed. It is found that even when significant electron-
electron interaction occurs, the overall orientation of the
hot-electron momenta persists to a large extent. On the
other hand, scattering by LO phonons seems to destroy
the momentum memory of the hot-electron population.

A. Momentum orientation at high carrier density

trum, a procedure valid over such a small energy range. )
In this steady state both the hot-electron and cooler car-
rier populations are tenfold denser, and electrostatic in-
teraction leads to small energy exchanges within the hot-
electron system. Consequently, the FWHM of this HEL
peak is 2 meV larger than at low density [cf. Fig. 4(a)].
This carrier-carrier interaction must lead ultimately to a
randomization of momenta. It is, therefore, interesting
that in these high density I)~ and I~ profiles features simi-
lar to those at low density are observed, since they are
characteristic of a particular momentum orientation: the
intensity ratio at peak maximum Ii/Ii= 1.1, the peak
shape is wider in I~~ than in I~, entirely due to the low en-
ergy side.

Figure 10 analyzes the two profiles quantitatively in
some more depth. Since the absolute difFerence spectra
Ii Ij at —low d and high d in Figs. 10(a) and 5 are com-
parable, it appears that the overall momentum distribu-
tion of hot electrons is not significantly afFected by the
tenfold increase in carrier density. However, this gen-
eralized statement is put into perspective by the
difFerence of the normalized spectra in Fig. 10(b): as dis-
cussed in Sec. IVC, it contains a large proportion of
emission from [100] electrons, and for that reason peaks
at a lower luminescence energy (by 2 meV at low d) than
the absolute difference. Yet at high d here its maximum
is not shifted much with respect to that of the combined
[100] and [110] signal in Fig. 10(a). This suggests that
carrier-carrier scattering has at least partly destroyed the
initial momentum orientation by eroding the proportion
of [100] electrons. From Fig. 3 it seems plausible that
this portion of electrons is scattered out of its initial
direction, in agreement with Figs. 10(a) and 10(b). Figure
10(c) plots the degree of linear polarization ri(E) for both
low- and high-density excitation. At low d (dotted) the
position of g,„ is determined by the emission line from
electrons with k~~[100]: if the interpretation of a relative-
ly reduced hot [100] electron population at higher d is
correct, then g,„must shift to higher energy, closer to-
ward the center of the HEL profile. This is indeed sup-
ported by the continuously drawn ri(E) of the high d
spectra, indicating the extent to which the momentum
orientation has survived at high d. Note that the spectra
of Fig. 10, being difFerence spectra, are unafFected in de-
tail by the form of background subtracted from the peak
profiles.

In conclusion, the momentum orientation of a hot-
electron population has clearly been observed in linearly
polarized HEL measurements despite the presence of a
significant carrier density of d=9X10' cm . However,
comparison with low-density measurements suggests that
a partial destruction of this anisotropy has nevertheless
occurred.

B. Momentum orientation after one LO-phonon emission

By contrast, emission of one LO-phonon by the elec-
trons of a low-density population seems to be suScient
for almost complete eradication of their collective
inomentum orientation. The hot (e, A ) luminescence
cence peaks discussed so far represent the jirst peak in
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The second peak, after one phonon emission, is shown
in Fig. 11(a). The striking feature is that the II and I~
spectra are identical except on their low-energy slope [cf.
Fig. 4(a) for contrast]. This suggests that the momenta
within the hot-electron population are much less oriented
than before phonon emission. The difference spectrum
It~ Ij—in Fig. 11(b) of the second peak is only one half as
intense as that of the first peak (not shown), and, since
this subtraction is not sensitive to prior normalization, it
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normalization at peak. Despite a larger proportion of [100]
emission than in (a) its maximum has not shifted much, and
much less than at low carrier density (Fig. 6), suggesting a par-
tial destruction of the momentum orientation along [100]. (c)
Degree of polarization g(E) in the low- and high-density spec-
tra (cf. Figs. 7 and 9, respectively). The HEL is still clearly po-
larized, but the possible shift of g,„at high density up from its
low density [100]-dominated position indicates limited randomi-
zation of k among the hot electrons.
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FIG. 11. (a) The original profiles of the HEL peak after one
I.O emission in I~~ and I&. Only the low-energy slope shows
remainders of momentum orientation with [100] electrons.
T & 10 K. (b) Difference I~~

—I& of the spectra in (a). Since it is
indistinguishable from the difference after normalization (not
shown) no trace of the anisotropy seen in Figs. 5 and 6 prior to
LO emission is observed. (c) Degree of linear polarization g(E)
exhibited in (a). Comparison with Fig. 7 shows that the degree
of polarization has largely disappeared after emission of a LO
phonon.
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is not possible to discriminate between the emission lines
of carriers with different momentum directions. This is
further evidence of the breakdown by phonon emission of
momentum orientation as was observed in Sec. III. It
also follows that the degree of polarization ri(E), shown
in Fig. 11(c), is very small on the corresponding low-

energy side of the peak, and negligible elsewhere. A more
detailed investigation might reveal more information on
why the second peak conserves some sign of momentum
orientation, and whether it too is eventually lost in the
third peak, but the evidence here indicates that LO-
phonon emission is an effective means of randomizing
hot-electron momenta. This is quite plausible since for
an electron to scatter out of its state (E„k) the final state
of energy E, fico—„o and wave vector k+qto may, in

principle, lie in any direction on the conduction-band
paraboloid.

VI. CONCLUSIONS

Some properties of hot (e, A ) photoluminescence
spectra relating to the linear polarization of the exciting
and detected light were studied in GaAs. The relation-
ship between the orientation of the exciting linear
electric-field vector, the hot-electron momentum, and the
resulting (e, A ) recombination spectrum is now under-
stood and documented. A model based on a k p band
structure and on the dipole approximation was shown to
predict and analyze the line shape of such spectra suc-
cessfully. It is fully computable and found to yield good
quantitative agreement with measurements in GaAs for
hot electrons below the intervalley scattering threshold.
It allows the conclusion that the systematic investigation
of the phenomenon of hot-electron momentum orienta-
tion can provide detailed information on the band struc-
ture and the dynamics of hot electrons.

Applying this new understanding, two scattering pro-
cesses were investigated with respect to their effect on the

momentum orientation within the hot-electron popula-
tion. The evidence available suggests that even in a den-

sity regime of significant carrier-carrier scattering the
overall orientation of the hot-electron momenta remains
largely unperturbed. On the other hand, the momentum
memory of a hot-electron population appears to be eradi-
cated to a large extent by the emission of only one LO
phonon.

It was also demonstrated how the knowledge gained
about the spectral composition of the (e, A ) emission in
terms of the k direction of the recombining hot electrons
can be used to obtain directionally resolved information
on the dispersion of the heavy-hole band. Various tech-
niques were presented to obtain data points Et, (k) ap-

proximately along or between the dispersion curves along
high-symmetry crystal directions. One method, involving
the measurement and the detailed calculation of the de-

gree of linear polarization of HEL, was presented that al-
lows the determination of the heavy-hole dispersion along
specijictdly the [100], [111],and [110] directions. This
and other recent progress in resolving the anisotropy of
the HH band in GaAs is summarized in Fig. 8.

Potentially rewarding new areas of further work are
now undoubtedly the systematic application of this
knowledge to plot the HH dispersion of III-V semicon-
ductors along the said directions over a large range of k,
and to investigate the properties of hot (e, A ) PL with
respect to circular polarization quantitatively to address
the phenomenon of spin alignment.
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