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Formation of hot-electron ensembles quasiequilibrated in momentum space by ultrafast momentum
scattering of highly excited hot electrons photoinjected into the I' valley of GaAs
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We study ultrafast scattering dynamics of hot electrons photoinjected with high excess energies in the I'
valley of the conduction band of GaAs, using time- and angle-resolved photoemission spectroscopy and ab initio
calculations. At ultrafast rates of the order of 10 fs, the packets in the I valley are transformed into hot-electron
ensembles (HEEs) quasiequilibrated in momentum space but not in energy space. The energy relaxation of the
HEE:s takes place as a whole on a longer time scale with rates dependent only on the excess energy, irrespective of
the momenta of hot electrons. Both momentum scattering and energy relaxation are ruled by the electron-phonon

interaction.
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Ultrafast scattering of energetic carriers in semiconductors
has been a strategic research field for the past two decades,
since it not only constitutes the key process that determines
functional limits and properties of micro-, nano-, and optoelec-
tronics, but because it also provides one of the best systems to
study ultrafast relaxation of nonequilibrated states in solids
[1-3]. An interband excitation with ultrashort light pulses
having broadband coherence yields wave packets consisting
of Bloch’s functions in the conduction (CB) and valence bands
[1-4]. The ultrafast scattering processes in the coherence
regime [1], leading to the decay of the wave packets, is
crucial not only to elucidate dynamical coherence effects
such as Bloch oscillations [1-3,5], but to identify fundamental
pathways of hot-electron relaxation in the CB with multivalley
structures. For the excited states confined within the central I'
valley, the electron-electron (e-e) interaction is dominant in
the initial momentum scattering processes because of the low
rates of electron-phonon (e-ph) interactions [1-3]. However,
the scattering dynamics depends critically on the excess energy
¢ of hot electrons as the modes and rates of scattering processes
induced by e-ph interactions change drastically depending on
¢. Despite decades of extensive studies [1-3], clear understand-
ing of ultrafast scattering processes of hot electrons with high
excess energies remains elusive due to the high complexity
of the problem and partly to methodological limitations in
capturing the scattering dynamics unambiguously.

Here we study the ultrafast dynamics of hot electrons
photoinjected into the I' valley with high excess energies in
GaA:s, a prototypical direct-gap semiconductor, by combining
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time- and angle-resolved photoemission spectroscopy with
state of-the-art ab initio theoretical calculations. The former
directly captures ultrafast changes of electron distribution
functions resolved in energy and momentum space [6,7],
which provide the key information necessary to elucidating
incoherent scattering dynamics [2], while the latter enables
us to perform parameter-free computation of e-ph scattering
rates [8—10]. We reveal that the packets photoinjected into
the I" valley are transformed, within a few tens of fs, into the
hot-electron ensembles (HEEs), which are quasiequilibrated in
momentum space but still highly nonthermal in energy space.
Energy relaxation of the HEEs takes place as a whole at longer
time domains, with a rate ruled by the excess energy only. The
e-ph interaction entirely governs these ultrafast processes for
excitation density p less than 5x107cm=3.

Zn-doped p-type GaAs wafers (carrier concentration
1.5x10"7cm™3) were cleaved under ultrahigh vacuum condi-
tions (<5x 10~!! Torr). Atomic structures of the (110) surfaces
were characterized in situ by a scanning tunneling microscope.
The Ti-sapphire laser system used and the experimental
geometry were described in Ref. [6]. Briefly, pump pulses
were 40-fs pulses centered at photon energies between 1.6
and 2.4 eV (the band-gap energy is 1.43 eV at 300 K), while
probe pulses were 55-fs pulses at 4.51 eV. p was typically
3x10"cm™3. Pump and probe pulses, with a preset time delay
At, were aligned coaxially and focused on the sample surfaces
at 45° to normal. For photoemission spectroscopy, images
of the photoelectrons were recorded, using a hemispherical
electron analyzer, as functions of energy and emission angle
6 along the [001] crystallographic direction; surface normal
emission was along [110]. The instrumental energy resolution
was 50 meV, while the angle resolution was in the range of £1°.

The calculations were performed within density functional
perturbation theory [11]. The band structure of GaAs was
described within the local density approximation and pseu-
dopotential method as in Refs. [9] and [10]. The topology of
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FIG. 1. (a) Photoemission image of nascent hot-electron distribution in the CB mapped in energy and momentum spaces 20 fs after
excitation by s-polarized 2.30-eV light pulses. (b) Image of the hot-electron distribution 70 fs after excitation in energy and momentum spaces
including part of the L valley (¢ > 13°). In (a) and (b), the color scale indicates the photoemission intensity. Photoelectron energies are
referenced to the conduction-band minimum, and solid and dashed curves show the band dispersion along I'-L and I'- X directions, plotted as a
function of 6, based on the present band-structure calculation. (c) Angle-integrated, energy-resolved, hot-electron distributions in the I" valley
20 and 70 fs after excitation. (d) Angle-integrated, energy-resolved, hot-electron distributions in the L valley 20 and 70 fs after excitation. Even
at 20 fs, the population of the L valley is not negligible because of finite pulse widths and ultrafast scattering rates. (e)—(i) Energy-resolved
dynamics of the populations in the I (black) and L (red) valleys at excess energies ranging from 0.75 to 0.55 eV, respectively. For the sake of
clarity, the L-valley intensities are multiplied by constants to have the same levels of intensities as those in the I" valley.

the conduction band is quantitatively well reproduced with
the lattice parameter a = 10.49 a.u. (see the Supplemental
Material [12]). The e-ph matrix elements were first calculated
on a 6x6x6q-point grid in the Brillouin zone, and then
Fourier-interpolated on denser 48 x48x48 and 96x96x96 q-
point grids randomly shifted with respect to the zone center,
using a recently developed interpolation method applicable to
polar semiconductors [10,18].

Figure 1(a) displays the distribution of hot electrons
injected into the CB by s-polarized laser pulses with
pump-photon energy hvpmp = 2.30eV at Ar =20fs. En-
ergetically, three peaks are resolved, which correspond
to optical transitions from the heavy-hole, light-hole, and
split-off valence bands [6]. The directly captured distri-
butions are highly localized in the momentum space. At
At = 70fs, the packets in the I' valley are partly dissi-
pated, while a substantial amount of electrons has been
transferred to the L valley (6 > 13°). In Figs. 1(e)-1(1),
temporal changes in the energy-resolved populations are
reported both for the I' and L valleys, for ¢ ranging from
0.75 to 0.55 eV. The decay of the population in the I" valley is

bimodal; an initial ultrafast decay with a time constant t,, of
the order of 10 fs is followed by a slowly decaying component
with a time constant of a few hundreds of fs, the magnitude of
which depends on €. The 1, is identical to the growth time of
the population in the L valley, characterizing the delocalization
in momentum space of the nascent distribution in the I valley.
Importantly, the slowly decaying component at a given ¢ in
the I" valley shows exactly the same decay characteristics as
that in the L valley for nonthermal and relaxing hot electrons
within a wide range of €.

For nonequilibrated hot electrons at each valley, phonon
modes responsible for the intravalley relaxation, as well as
the density of final states available inside each valley, are
significantly different [19]; the intravalley relaxation times
in the different valleys cannot be identical for a wide energy
range. Therefore, the results in Fig. 1 show that the populations
at I and L valleys are quasiequilibrated in the momentum
space to give a common energy relaxation time tg at any
valleys (see the Supplemental Material [12]). A concept similar
to the momentum quasiequilibration among hot electrons at
different valleys has been proposed by Stanton and Bailey
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FIG. 2. Experimental and theoretical results of the momentum
relaxation time t,, and the energy relaxation time 7z as a function
of ¢ at 293 K. Different open symbols correspond to results obtained
by the analysis of experimental data under different hvpy,, values.
Solid red squares for 7z show the results obtained from population
changes in the L valley shown in Figs. 1(e)-1(i). Solid curves show
the theoretical results for t,, and 7z (see text).

in their analysis of intervalley scattering rates using sim-
plified rate-equation models [20]. Our momentum-resolved
spectroscopy has proven unambiguously that the momentum
quasiequilibration is established within 150 fs of excitation for
hot electrons with ¢ larger than 0.5 eV. Thus, the decay of the
packet formed in the I" valley in GaAs leads to the formation
of a hot-electron ensemble (HEE), which is quasiequilibrated
in the momentum space (but not in energy space), via ultrafast
momentum scattering.

We determined the magnitude of 7, from temporal changes
in the I'-valley populations at a given & (with width of
+25meV), using the optical Bloch equation (OBE) [21-25],
with population decay time 7(T} = t,,,) [24] and dephasing
time 7, whichis givenas 1/7, = 1Q2Ty) + I/ T,; T, is a pure
dephasing time (see the Supplemental Material of Ref. [6]).
T was determined by semilogarithmic plots as in Fig. 1. The
values of 7, and 7 at 293 K are displayed as a function of
¢ in Fig. 2. Both become shorter with increasing & above the
L-valley minimum. In particular, at ¢ > 0.4eV,t,, becomes
as short as a few tens of fs.

In order to reveal the interaction responsible for the ultrafast
momentum scattering [26], we studied the effects of p and
of temperature at several hvpymp values. Under a 2.07-eV
excitation, for example, temporal changes in high-energy
populations with ¢ > 0.5eV in the I" valley were examined
at p from 2.7x10'7 t04.0x10'® cm™3 at 293 K (see the Sup-
plemental Material [12]). The magnitude of 7,,(=19 £ 4fs)
is almost identical at any p. At variance, T, increases with
increasing p, but it is much longer than 75 in the present
density regime, typically p = 3x10'7ecm™3 [27].

In contrast, the magnitude of t,, changes drastically with
changing temperature. Figure 3(a) displays the photoemission
spectra, measured at time delays when the highest-energy
peaks from the heavy-hole band show the maximum intensities
at e >~ 0.5eV at 90 and 293 K. Figure 3(b) shows temporal
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FIG. 3. (a) Photoemission spectrum measured at 90 K (Ar =
341s, hvpump = 2.14€V) [green (gray)], and that at 293 K(At =
1615, hvpump = 2.07 V) [red (dark gray)]. The blue (gray) spectrum
labeled CBM shows the photoemission peak 15 ps after the excitation
at 90 K, from which the energy of the CBM is calibrated precisely
by a convolved Boltzmann distribution at the CBM (thin solid
curve). The temperature-dependent shift of the band-gap energy has
been corrected to give the excess energy of hot electrons at both
temperatures. (b) Temporal changes in photoemission intensities at
the higher-energy side of the highest-energy peak in (a).

changes of the intensities at ¢ = 0.60eV, the high-energy
side of the highest-energy peaks. Analysis using OBE shows
that the population decay time is 44 & 3fs at 90 K, while
it is 19 £ 4fs at 293 K. Therefore, the magnitude of t,, is
strongly temperature dependent, revealing the crucial role of
the e-ph interaction in the ultrafast momentum delocalization
at p < 5x107cm=3.

‘We calculate e-ph scattering rates from first principles using
the recently developed method which takes into account the
polar optical phonon (POP) interaction appropriately in polar
materials [10]. For an electronic state |n,Kk) with eigenenergy
enk in the band n with the wave vector k in the I' valley, the
total probability I', x of e-ph scattering is defined as a sum of
absorption and emission terms [28,29]:

l—w’z;t’)]i/em — /l;zd3q ZZ%‘(I’L’, k:I:qIAW(;In,k)f
n A

ML
Né(T) +1|
where AW& is the crystal-potential variation induced by
the unit amplitude of vibration of a phonon mode A and a
wave vector q (ha)é being the phonon energy smaller than

36 meV), and NQ(T) is the phonon occupation number. The
intrinsic broadening y of the initial and final electronic states
is described by a Lorentzian function £ [19,29].

As both szﬁ and I'}"} contain momentum scatterings of
a state |n,k) by finite-wave-vector phonons, we take their
sum I', x as a measure of the momentum scattering rate. We
calculated Eq. (1) self-consistently to have y = I'y, x [29,30].
Computed T', x are plotted in Fig. 4(a), together with the
scattering rates into L, X, and I" valleys [31-33]. The rates
are enhanced drastically in the high-¢ regions, which comes
from an increase of the density of final states at the L and

X E(sn,k — En ktq £ ha)fl; 2)/){

161203-3



HIROSHI TANIMURA et al.

30+ (a)

total rate

N
=)
T
53
>~

!

S 7 _
(0]
E 10f L
E i r-r |
é = i ; ! . ! . ! -
~ N T T T T T T T ]
S ,<f(b) A ]
; 15_— 7]
;5 i i
< 10p LO+TO
0 C i
I POP
O' |/'/| A | A | i
0.2 0.4 0.6 0.8

EXCESS ENERGY (eV)

FIG. 4. (a) Theoretical results of momentum relaxation rate with
contributions of different scattering channels to the total rate. The total
rate is shown in black. Blue (gray) line: I'-L intervalley scattering.
Green (light gray) line: I'-X intervalley scattering. Red (dark gray)
line: intravalley scattering within the I" valley. (b) The contributions
of different phonon modes to the momentum relaxation rate for
an initial electronic state in the I" valley. Black line: contribution
of transverse-acoustic (TA) modes. Blue (gray) line: contribution
of the longitudinal-acoustic (LA) mode. Green (light gray) line:
contribution due to optical modes [excluding the interaction with
polar optical phonons (POPs)]. Red (dark gray) line: contribution due
to the POP interaction calculated solely with the method presented
in Ref. [10].

X valleys. Figure 4(b) shows relative contributions by re-
spective phonon modes to I', k. Longitudinal-acoustic- (LA-)
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and transverse-acoustic- (TA-) phonon modes induce inter-
valley scattering predominantly, and TA modes contribute to
enhance the I'-X scattering [9,34].

The theoretical results for ,,, defined as 7,,(¢, k) = A/ x,
are compared with experimental ones in Fig. 2. Not only does
the dependence on ¢ agree very well with the experimental
results, but so does the absolute magnitude of t,,, asserting that
the ultrafast momentum scattering of the hot-electron packets
is due to the e-ph interaction. Importantly, the experimentally
found temperature dependence of 7, in Fig. 3 is also fully
explained by the ab initio calculation: The theoretical t,, of
19.6 fs at 300 K becomes 44.9 fs at 90 K for ¢ = 0.79¢V,
substantiating the theoretical method used.

Calculating vz of HEEs spread over a whole BZ is challeng-
ing, as all possible e-ph scattering processes can, in principle,
contribute to the energy loss at a given ¢. We considered
the difference 'y} — Fﬁf’ﬁ (see Supplemental Material [12]),
together with the effective frequencies of emitted (absorbed)
phonons for all possible processes [35]. The solid line in Fig. 2
is the theoretical result, showing excellent agreement with
the experimental data. We emphasize that the magnitude and
dependence on ¢ of tz can be captured only when energy-
loss processes by finite-wave-vector phonons are correctly
accounted for; the POP interaction in the I" and L valleys
plays a minor role [12]. Thus, our results demonstrate a
significant difference in the energy-relaxation mechanism for
highly excited hot electrons with respect to hot electrons near
the CB minimum (CBM) in the I" valley.

In conclusion, we have unveiled the unique characteristics
of two-step dynamics in the ultrafast relaxation of highly
excited hot electrons photoinjected into the I" valley in GaAs.
The mechanism is applicable to other crystalline solids with
multivalley band structures.
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