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Momentum-resolved spectroscopy for the saddle-point excitons in InSb
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We use time- and angle-resolved photoemission spectroscopy to reveal momentum-resolved characteristics
of interband transitions in InSb. The transitions along the I'-K line are correctly described in terms of the
independent-quasiparticle band picture up to 1.9 eV. However, the transitions along the I'-L line turn out to
be strongly excitonic above 1.7 eV, associated with the saddle-point excitons at the E; critical point. The
momentum- and energy-resolved spectra of photoionization of the saddle-point excitons show that the wave
function is composed of the electron-hole pair states with the wave vector of 0.453 +0.055 A~! along the
I'-L direction of the Brillouin zone. Time-resolved characteristics of the exciton photoionization show that the
coherently generated excitonic polarization decays with a time constant of 22 4 1 fs due to the autoionization
from the excitonic state to uncorrelated electron-hole pair states.
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I. INTRODUCTION

The optical spectra of semiconductors provide a rich
source of information about their electronic properties [1,2].
In experimental optical spectra of semiconductors, energies,
intensities, and spectral line shapes differ significantly from
those predicted by the independent-quasiparticle picture (IQP)
not only near the band-gap region at the My-type critical
point, but also in the higher-energy regions around the M-
and M,-type critical points of Van Hove singularities in joint
density of states (JDOS) for conduction and valence bands
[1-4]. As is well known, the excitonic effect of many-body
interaction in electronic systems is the key concept to correct
the discrepancies and to gain a deeper understanding of the
optical properties of solids.

The excitonic effect at the M, critical point near the I
point, which forms distinctive excitonic absorptions below the
band-gap energy Eg (the I' excitons hereafter), have been
studied extensively. Not only the spectroscopic characteris-
tics, but also ultrafast dynamics of dephasing and scattering
processes of the coherent excitonic polarization have been
studied, and detailed knowledge of the I'-exciton dynamics
has been obtained [5-8].

The excitonic effects at the higher-energy region above
Es have also been studied for a long time. The imaginary
parts of the dielectric functions €(w) of diamond- and zinc-
blende-type semiconductors increase above Eg to the first
intense peaks (the E; transitions). The E; transitions have
been attributed to the transitions related to the M; (saddle-
type) critical points along the A direction of the Brillouin
zone based on band-structure calculations [1,3,4,9—-13]. The
experimental line shape of the E| transitions deviates qualita-
tively from that expected for M, critical points of Van Hove
singularities [1]. Based on extensive theoretical studies to
elucidate the effect of Coulomb interaction between electron
and hole at the M| critical point, the discrepancies have been
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explained by the excitonic effects at the critical points [1,9].
Such excitons occurring at saddle points in JDOS are known
as the saddle-point excitons (SPEs) [3] or hyperbolic excitons
[1], and the characteristic line shapes have been interpreted
in terms of Fano interference [12,14,15]. Based on extensive
optical study in a broad spectral range, it has been reported
that the SPEs are formed also in graphene, a prototypical
example of two-dimensional materials [16,17].

Theoretically, excitonic effects on the optical spectra of
real materials have been studied from first principles [18-22].
Extensive calculations of excitonic effects on the dielectric
functions have largely corrected the discrepancies between
theoretical and experimental €(w) spectra in many crystals,
substantiating the important roles of excitonic effects in the
high-energy region above Eg. Experimentally, however, the
methods to study excitonic effects in the high-energy region
were limited to the line-shape analysis of €(w). Because of
this limitation, fundamental properties of SPEs are still left
unclarified in many crystals. In particular, the wave function
of SPEs and the interaction between this high-energy exci-
tonic state and the continuum of unbound electron-hole pair
states are important issues to be explored.

An excitonic state is a superposition of electron-hole pair
excitations with amplitude f (l;e, ﬁh), where I_ée and l?h are
wave vectors of the electron and hole in IQP band structure
[2,23]. For SPEs, the pair-excitation states that contribute
most strongly to f (k,, k) are those around the momentum
region of a Van Hove singularity [24]. Therefore, the precise
experimental determination of the wave vectors for the E,
critical points is important to elucidate the excitonic effects
associated with the singularities. As the €(w), which is es-
sentially the momentum-integrated quantity, does not give any
direct information on the location of a Van Hove singularity in
the momentum space, introducing momentum-resolved spec-
troscopic methods is crucial for further studies of SPEs [25].
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Recently, time- and angle-resolved photoemission spec-
troscopy (TR-ARPES) has been introduced to overcome the
methodological limitations for studying high-energy exci-
tons in GaAs [25]. TR-ARPES has a powerful capability
of revealing momentum-resolved characteristics of interband
transitions. In addition to this, recent theoretical studies of
exciton photoionization [24,26-29] have emphasized a unique
capability of TR-ARPES to obtain a deeper insight into the
wave functions of excitons, as briefly summarized in the next
section. Using TR-ARPES, important features of electronic
structure and of dynamics of SPEs have been revealed for
GaAs, a prototypical direct-gap semiconductor [25]. In this
paper, we study, using TR-ARPES, the momentum-resolved
characteristics of interband transitions in order to examine the
high-energy excitonic effects in InSb, another model crystal
showing the electronic properties characteristic of narrow-gap
semiconductors.

InSb has the band-gap energy of 170 meV [30], and shows
the E; transition at 1.85 eV at room temperature [10,31]. The
energies are lower by about 1 eV than those in GaAs. Also,
the high-frequency dielectric constant (15.7) is larger than
that (10.9) of GaAs [32], giving a significant difference in
the screening effect for carriers. Therefore, InSb is one of
the best samples to study comparatively the importance of
SPEs in the optical spectra in semiconductors. The excitonic
effects on the E; transition in InSb have been studied for a
long time [13,31,33], but the experimental evidence for the
excitonic effects, obtained by line-shape analysis, is contro-
versial; opposite conclusions have been reached even by the
same method of analyzing the second derivative spectra of
€(w) [13,31].

Here we excite InSb crystals with pump-photon energy
hUpump ranging from 1.18 to 1.88 eV, and the photoinduced
excited electronic states are probed using angle-resolved
photoemission spectroscopy (ARPES). We find that the
independent-quasiparticle band picture gives correct descrip-
tions of the transitions along the I'-K line up to 1.9 eV, while
the transitions along the I'-L line turn out to be strongly
excitonic above 1.7 eV, associated with the saddle-point ex-
citons at the E; critical point at 1.85 eV. Based on time-,
momentum-, and energy-resolved characteristics of exciton
photoionization, we obtain far deeper insight into the dynam-
ics and electronic structures of the SPE in InSb.

II. TR-ARPES AND THE PHOTOIONIZATION
OF EXCITONS

In ARPES for electronic-structure determinations of solids,
one assumes a definite initial one-electron energy level
E[Qp(]_é) from which electrons are photoionized (I? being the
wave vectors). Then, the direct information of energy and
wave vector of the EIQP(E) can be obtained by measuring
angle- and energy-resolved photoelectrons. The method can
be applied to study the momentum-resolved characteristics
of interband transitions using pump and probe techniques
with ultrashort light pulses [34]. Pump pulses initially create
the excitation with a well-defined phase relationship within
the excitation and with the electromagnetic field that created
the excitations. After the destruction of coherence through
dephasing on a femtosecond timescale, nonthermal electrons

are injected in the conduction band (CB) at a given k and
generate holes with —F in the valence band (VB), governed by
the energy and momentum conservations for the optical transi-
tions [5—8]. The process of interband transitions can be probed
by photoemission spectroscopy introducing probe-light pulses
at a given time delay At with respect to pump-light pulses
by the two-photon photoemission (2PPE) scheme. The elec-
trons injected in the CB generate photoelectrons specified
by the momentum fik and the kinetic energy Ex(K). The
momentum-resolved information about the photoelectrons
gives directly the wave vectors at which pump-induced inter-
band transitions take place. The relation between EK(I_é) and
E[Qp(l_é) referenced to the valence band maximum (VBM) is
given by

EK(]_é) = hvprobe + EIQP(E) — Dyge, (1

where hvuppe is the probe-photon energy and @, is the
ionization energy. Thus the momentum-resolved character-
istics of interband optical transitions can be captured by
TR-ARPES.

However, such an initial one-electron energy level is indefi-
nite for photoionization of excitons, although the exciton itself
has a well-defined energy level and a momentum [24,26-29].
In the Wannier model, applicable for most inorganic semicon-
ductors, an excitonic state |ex) with its center-of-mass wave
vector K = 0 is given by a superposition of various electron-
hole pair excitations as [2,23]

lex) = ) f(k, —kafb*,|0), @
k

where &; and b+1€ are creation operators of an electron with

wave vector k and of a hole with wave vector —k in the IQP
electronic structure, and |0) is the vacuum state.

In the photoionization processes of excitons, only electrons
are emitted out of crystals, while the conjugate holes are left
inside, and recoiled back to “original” valence-band states
with the recoil energy ER(—i). Under momentum and energy
conservations, the photoemitted electron from an excitonic
state has the momentum /k and the energy Ex(K) which is
given by

Ex (k) = hvprobe + Egx — Er(—k) — @y, 3)

where Egpx is the excitonic-state energy referenced to the
VBM [24,27]. Therefore, the recoil of conjugate holes plays
crucial roles in the photoionization of excitons. More im-
portantly, the photoemission intensity, specified by fik and
E;dl?), is proportional to |f (l?, —ié)|2 such that angle-resolved
photoemission spectroscopy directly measures the amplitudes
of momentum- and energy-resolved IQP Bloch functions
of which the excitonic states are composed [24,26-29].
Therefore, TR-ARPES makes it possible, in principle, to de-
termine experimentally the correlation between an excitonic
state and the IQP Bloch states responsible for the excitonic
state.

As Eg(—k) is determined primarily by the valence-band
dispersion [24,27], the EK(Iz) in the exciton photoionization
has no direct correlation with the conduction-band dispersion
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Ergp (12) of the IQP picture. Also, the momentum distribution
of photoelectrons is governed by the exciton wave function
itself, and is not related directly to the dispersion of EIQP(E).
When any excitonic effects are weak enough at a given critical
point, the initial state of photoemission lies on the E[Qp(l_é)
predicted by the IQP band structure in the energy and mo-
mentum spaces. However, when excitonic effects are strong at
a given critical point, the pump pulses generate the excitonic
polarization, and the photoemission process is governed by
the exciton-photoionization scheme, which generates photo-
electrons with ik and EK(E) specific to the excitonic state.
In fact, fik and EK(E) in the photoionization of the SPEs in
GaAs deviate strongly from those predicted by the EIQP(%)
[25]. Therefore, TR-ARPES provides a powerful method to
capture excitonic effects in the interband transitions at a given
critical point.

III. EXPERIMENT

Nondoped InSb (100) wafers with thickness of 3 mm
were cleaved under ultrahigh-vacuum conditions (<5 X
10~ Torr). Surface structures were characterized in situ by
a scanning tunneling microscope prior to photoemission mea-
surements [35]. The (110) surfaces displayed well-ordered
(I x 1) structure with linear In and Sb rows, and with a
surface-defect concentration less than 0.5%. We used two
different femtosecond (fs) laser systems. A mode-locked
Ti:sapphire laser, operated at a 76 MHz repetition rate, was
used to generate fs-laser pulses between 830 and 760 nm.
The fundamental and its third harmonic, generated using beta-
barium borate (BBO) crystals, were used as pump and probe
pulses. The temporal widths of the pump and the probe pulses
were 70 and 75 fs, respectively, giving a cross-correlation
trace of 105 fs (full width at half maxima) in a BBO crystal.
To generate laser pulses with shorter temporal widths and
wider tunability, we also used a laser system consisting of
a Ti:sapphire laser oscillator, a regenerative amplifier, and a
tunable optical parametric amplifier operated at 250-kHz rep-
etition rate. The optical parametric amplifier generated 40-fs
laser pulses at photon energies tunable from 1.18 to 2.30 eV.
A part of the amplified fundamental output at 795 nm was
used to generate the third harmonic with a temporal width of
50 fs, giving a cross-correlation trace of 64 fs (full width at
half maxima). The probe pulses passed a computer-controlled
delay stage with a high precision to set the time delay (At)
with respect to the pump pulses, and pump and probe pulses
were aligned coaxially and focused on the sample surfaces
at 45° to surface normal. The pump-pulse fluence was set
to give a typical excitation density py of 54 1 x 107 cm™3,
which was evaluated using the formula py = F,(1 — R)a,
with the photon fluence of pump pulse F,, the reflectivity R,
and the absorption coefficient o at Avpymp. The probe-pulse
fluence was typically less than 1/500 of the pump-pulse flu-
ence. Using a hemispherical electron analyzer operated in an
angle-resolved lens mode, equipped with a two-dimensional
image-type detector, photoelectron images were recorded as
a function of the Ex (k) and emission angle 6 along the [001]
crystal direction: Surface normal photoemission was along the
[110] crystal direction. The energy resolution using fs-probe

light was 75 meV, while the angle resolution was £0.5°. All
measurements were made at 293 K.

In time-resolved photoemission measurements, the final
state energies reached by pump and probe pulses were limited
to below 6.6 eV with respect to the Fermi level. The inelastic
mean free path at the energy region is typically 30 A [36],
which is substantially larger than the depth of the (1 x 1)
surface layer of ~1 A [37]. Therefore, the bulk sensitivity
is enhanced strongly, compared with normal ultraviolet pho-
toemission spectroscopy probed by light with photon energy
of typically a few tens of eV. The Ex(K) of a photoelectron
was referenced to the low-energy cutoff in a photoemission
spectrum which corresponds to the vacuum level of a sample
[38]. For InSb (110)-(1 x 1) surfaces, ®y,c = 4.84 £0.06eV
[37]. As the EK(l?) is dependent on Avppe, We use the en-
ergy E;(k) of an initial state of photoemission, defined as
EI(IQ) = FEx (12) + ®yac — hUprobe, when we compare the spec-
tra measured with different hvpope. The EI(E) was referenced
to the CBM, not to the VBM. One reason is that we could de-
termine the energy of the conduction-band minimum (CBM)
precisely in the photoemission spectra. Furthermore, when we
compare experimental results with theoretical band-structure
calculations, this quantity becomes more convenient, as the

band-structure calculations do not give the band-gap energy
at 293 K.

IV. EXPERIMENTAL RESULTS

A. Momentum-resolved characteristics of interband transitions
in the photoemission map

Figure 1(a) shows the energy- and momentum-resolved
(k-resolved) maps of photoemissions measured at At = 30fs
under excitation with Aupymp at 1.26 eV. In the figure, photoe-
mission intensities specified by color scales are plotted as a
function of electron momentum (k) parallel to the surface and

the initial-state energy E;(k) for photoemission referenced
to the CBM. The experimental geometry of photoemission
measurements is shown in Fig. 1(b). The [110] crystal axis
is aligned along the surface normal, and the [110] and [001]
axes define the detection plane. Under this geometry, the
bulk Brillouin zone (BBZ) and the surface Brillouin zone
(SBZ) have the relation shown in Fig. 1(c) [35,39]. As the
emission angle corresponds to kj along the I' — Y (=X')
direction of the SBZ, the measured photoemission image rep-
resents a one-dimensional cut, along [ — Y of the SBZ, of
the two-dimensional projection of three-dimensional electron
distributions. The projection has the following characteris-
tics. First, all states along the I'-K direction in the BBZ are
projected at T, contributing to surface-normal photoemission.
Second, the states along the I'-L line in the BBZ are projected
on the I — ¥ direction with k), given by kj = kzcos(54.7°),
with k;, being the wave vector along the I'-L direction. Third,
the states along the I'-X line in the BBZ are projected on the
[ — Y direction with k = kx, with ky being the wave vector
along the I'-X direction.

Figure 1(d) shows the IQP band structure calculated using
GW and the screened hybrid functional in Ref. [40]. The
solid (broken) curve in Fig. 1(a) is the CB dispersion along
the I'-L direction (I"-X direction) as a function of kj. As

235202-3



HIROSHI TANIMURA AND KATSUMI TANIMURA

PHYSICAL REVIEW B 102, 235202 (2020)

k, (A1)
~ 0.1 0.2
E v (d)
= 41.0
m
@]
g8
& J0.5
G hvp“mp:I 26 eV
[
2 At=30 fs o
m
HH
4-0.5
LH
+-1.0
SO
Il
r L

FIG. 1. (a) Photoemission image 30 fs after excitation with s-
polarized 1.26-eV light pulses. Photoemission intensities specified
by the color scale are plotted as a function of electron momentum (k)
parallel to the surface and initial-state energy referenced to the CBM.
The solid and broken curves show the conduction-band dispersion
along I'-L and I'-X directions, plotted as a function of k;, based
on the band-structure calculation in Ref. [40]. (b) Experimental
geometry of photoemission measurements. The [110] crystal axis is
aligned along the surface normal, and the [110] and [001] axes define
the detection plane. (c) The relation between the surface Brillouin
zone and bulk Brillouin zone for InSb with (110) surface under the
geometry shown in (b). The plane (light blue) is the projection plane,
and the red (green) arrow within the plane shows the direction from
the I to L (I" to X) points. (d) Part of the band structure of InSb
(Ref. [40]). Energy is referenced to the conduction-band minimum,
and the band-gap energy is set to be the experimental value (0.17 eV)
at 293 K. Red arrows show typical optical transitions for 1.26-eV
photons.

is well known, the determination of k| fixes a point on the
two-dimensional SBZ; the momentum k; normal to the sur-
face can have a value anywhere along the rod extending into
the three-dimensional BBZ [39]. Therefore, the off-normal
photoemission detected experimentally at a given k| is a su-
perposition of many contributions from such states that are
projected on the one-dimensional cut along the I' — ¥ direc-
tion of the SBZ. Despite the composite features in off-normal
emission, it is instructive to compare the result with the CB
dispersion along the I'-L line to which theoretical studies
have given the quantitative dispersion characteristics [40,41].
Under the experimental geometry given in Fig. 1(b), the states
along the I'-L line contribute to off-normal emissions from
typical high-symmetry points. As the k, is zero for states
along the I'-X direction, they cannot be detected under the
geometry; the curve along the I'-X line in Fig. 1(a) portrays
the border of a low-energy part of the I" valley.

The maximum of the first CB along the I'-L direction is
located at k;, = 0.275 A" (k;; = 0.16 A=) in this calculation.
Therefore, photoemissions with k; < 0.16 A-! come from
electrons photoinjected into the I' valley of the CB, while
those with k| > 0.16 A~! originate from the states outside the
I" valley. In the present configuration shown in Fig. 1(b), the
states at the high-energy side of the L valley contribute to the
photoemissions at the range k; > 0.169 A~ the L, point of

the CB corresponds to k; = 0.485 A~!, being outside of our
detection window.

In Fig. 1(a), the initial-state populations in the I' valley
are characterized by three stripes labeled HH, LH, and SO.
As described above, the photoemissions at surface normal
(k; = 0) come from the states along the I"-K line. In Fig. 1(d),
typical optical transitions are indicated by red arrows. The
interband optical transitions from the heavy-hole (HH), light-
hole (LH), and split-off (SO) valence bands to the CB states
along the I'-K line predict the energies of final states of
optical transitions (or of the initial states of photoemission),
which are in reasonable agreement with the peaks labeled HH,
LH, and SO. For the transitions along the I'-L line, we have
similar energies of final states of optical transitions because
of similar dispersive characteristics of VB and CB bands in
the energy range. Therefore, we can conclude that the three
peaks are due to electrons with nonthermal distributions in the
CB injected by the transitions from HH, LH, and SO valence
bands [35].

In Fig. 1(a), there is one intense photoemission peak, la-
beled S, in the L-valley region (k; = 0.25 A1), The peak §
is specified by the same initial-state energy as that of HH
peak in the I' valley. The origin of the peak S has been
identified in Ref. [35] as being caused by the electrons in the
L valley transferred from the I" valley by ultrafast intervalley
scattering. The identification has been based on the analysis
of rise times of photoemission peaks; the rise time of peak S
is the same as the decay time of the HH peak. Because of the
ultrafast rates of I'-L intervalley scattering and of the finite
temporal widths of pump- and probe-light pulses, it cannot be
excluded to detect photoemissions from the secondary states,
which are defined as the states populated by the scattering
processes of the primary states generated by photoexcitation.
However, based on the rise-time analysis using the time-
resolved capability of TR-ARPES, it is possible to distinguish
clearly the photoemissions from the primary and secondary
states (see Ref. [35] and the Appendix). Ultrafast relaxation
dynamics of photoinjected electrons in the CB in InSb have
been studied extensively in Ref. [35]. In this paper, we pay
attention to the energy- and momentum-resolved characteris-
tics of photoemission peaks from the primary states of optical
transitions.

B. Primary-state photoemissions as a function
of pump-photon energy

Figure 2 compares the photoemission maps measured at
At = 30fs for hupymp ranging from 1.49 to 1.88 eV. The map
under 1.49-eV excitation shows essentially the same features
as those at 1.26 eV shown in Fig. 1(a). On the other hand,
the photoemission patterns at higher-energy excitations ex-
hibit significant changes depending on hupymp. Characteristic
features of the changes in photoemission patterns can be sum-
marized as follows. First, there are stripelike signals in the I'
valley (k; < 0.16 A=1) for all cases, although the intensities
become weak with increasing hvpymp. Second, for Avpymp =
1.77 eV, the photoemission is featured by one intense peak,
labeled EX, at k;; = 0.268 A~! and E;(k) = 0.83¢eV. The EX
peak is detected even under Avpump = 1.72€V as shown in
Fig. 2(d). Third, in the intermediate range between 1.55 and
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FIG. 2. Photoemission images, measured at At = 30 fs, plotted
as a function of &, and E; (k) under excitation with photon energies
ranging from 1.49 to 1.88 eV. The solid curve in each panel displays
the CB dispersion along the I'-L line. In each panel, photoemission
intensities are normalized to the highest-intensity peak in order to
display multiple-peak features clearly [the color scale in (a) is com-
mon]. The Avyymp-dependent changes in photoemission intensities of
typical peaks are described in Fig. 3. For the labels EX, A, and S, see
the text.

1.72 eV, an additional peak labeled A can be detected around
the saddle point of the CB. At hupymp = 1.63 €V, the peak A
is the most intense photoemission peak.

As shown in the Appendix, where temporal changes were
extensively analyzed for the result under 1.63-eV excitation,
the peak A, generated under excitation from 1.55 to 1.72 eV,
is due to a primary state of optical transition; it shows a fast
rise to have the maximum at Ar < 30fs, similar to the HH
peak in the I" valley. Peaks labeled S in Figs. 2(d)-2(g) are
due to secondary states which show delayed rises, similar
to that under 1.26-eV excitation. The EX peak, generated at
hUpump > 1.70€V, is another primary state of optical transi-
tions as shown later.

k, (A

INTENSITY

O 9 °
1.4 1.6 1.8
PHOTON ENERGY (eV)

oo g 8 0%
o . 1 .

ol
1.2

FIG. 3. The initial-state energy (a) and the peak kj; (b) of the pho-
toemission peaks due to the primary states of interband transitions at
hupump ranging from 1.19 to 1.88 eV. The red and blue curves show
the theoretical predictions for transitions from the HH valence band
to the CB along the I'-K and I"-L lines. In (c), the intensity of the EX
peak at Ar = 30fs, integrated within a rectangle shown in Fig. 2(a),
is plotted by green circles as a function of hvpyy,. The black open
circles show the total intensity of photoemission generated by the
transitions from the HH valence band (excluding the EX peak). The
results obtained under the excitation density of 541 x 10" cm™3
are compiled. The solid curve in (c) is the imaginary part of €(w) at
300 K [31].

In Fig. 3, we summarize hupymp-dependent changes in
the initial-state energy, the magnitude of k; that gives the
peak (peak k) hereafter), and the intensities of photoemis-
sion peaks. The red and blue curves in Fig. 3(a) show the
theoretical initial-state energies predicted for the transitions
from the HH valence band to CB along the I'-K and I'-L
lines based on the band structure shown in Fig. 1(d). The
E; (k) of the HH peak at k;; = 0 increases almost linearly with
increasing hupymp. The hvpump-dependent increase of EI(l;)
agrees reasonably well with the theoretical prediction of the
interband transitions from the HH band to CB along the I'-K
line. Similarly, the E; (l_é ) of peak A, which is roughly constant,
agrees well to the theoretical prediction of the interband opti-
cal transitions along the I'-L line. Not only the E; (k) but also
the peak k| for peak A is well registered on the theoretically
predicted dispersion curve as seen in Fig. 3(b). Therefore, we
can conclude that the peak A is due to the electrons injected
by the optical transitions from the HH valence band to the CB
along the I'-L line.

On the other hand, the EX peak is characterized by the con-
stant E; (I_é) of 0.83 eV and the constant peak k) of 0.26 A1,
irrespective of hupymp ranging from 1.72 to 1.88 eV. In this en-
ergy range, theoretically predicted E; (k) and peak k| change
sensitively, reflecting characteristic dispersions of the CB and
HH valence bands along the I'-L line. The theoretical features
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FIG. 4. (a), (b) Part of photoemission map and angle-integrated
0.21-0.32 A7) photoemission spectrum measured at Az =0 (a)
and at At = 150 fs (b) under 1.82-eV excitation. (c) Temporal evolu-
tion of angle-integrated photoemission spectra. The right-axis scale
represents the kinetic energy of photoelectrons. (d) Temporal evolu-
tion of photoemission intensities integrated with respect to parallel
momentum (0.21-0.32 A=") and energy. Blue, red, and green curves
show the intensities integrated with energy widths indicated in the
panel. Black curves are the results of quantitative analysis (see the
text).

are not specific to the results in Ref. [40], as the results
obtained by different theoretical methods show essentially the
same features [41]. Therefore, it is evident that the EX peak
has an origin different from other photoemission peaks that
can be ascribed to the electrons photoinjected by the VB-to-
CB transitions in the BBZ spanned by the I'-K and I'-L lines.

In Fig. 3(c), the intensity of the EX peak at At = 30fs is
plotted by green circles as a function of hvpymp. The EX peak
is excited for hvpymp > 1.70 €V, and the largest enhancement
occurs at hvpymp = 1.85eV. The solid curve in Fig. 3(c) is
the imaginary part of €(w) at 300 K [31]. It is clear that the
EX peak is excited resonantly at the E; transition energy.
The black open circles in the figure show the total intensity
of photoemission generated by the transitions from the HH
valence band (excluding the EX peak). Photoemission inten-
sities not only due to primary states but also those due to
secondary states associated with the HH peaks were summed
up to determine the total intensity. The intensity increases with
increasing hupymp, but the EX-peak excitation becomes the
most dominant channel of optical transitions around the E,
transition energy.

C. Temporal evolution of the EX photoemission peak

The EX peak shows a very unique feature in the “re-
laxation process.” In Figs. 4(a) and 4(b), we show the map
of photoemission measured at Af =0 fs and 150 fs under
1.82-eV excitation. Not only the intensity but also the disper-
sive features of the peak change significantly in this short time
frame. The white curves in the figures are the angle-integrated
photoemission spectra in the range from 0.21 to 0.32 A1,
The peak is at EI(l;) = 0.83eV at Ar = 0 fs, while the peak

shifts to 0.89 eV at Ar = 150 fs; the peak energy of the EX
photoemission displays collectively a high-energy shift during
relaxation. Figure 4(c) shows temporal evolution of angle-
integrated spectra displayed two dimensionally as a function
of E,(ié) and Atr. It is clear that the ultrafast spectral change
associated with a high-energy shift takes place within 100 fs,
leaving the component characterized by a slower decay rate.
The ultrafast relaxation associated with a high-energy shift is
contrasted strongly to the relaxation of nonthermal electrons
in the CB as shown in Ref. [35] and the Appendix.

In Fig. 4(d), the energy- and angle-integrated intensity
within the rectangle in Fig. 4(a), specified by E (k) rang-
ing from 0.71 to 1.05 eV and k; from 0.21 to 0.32 A", is
plotted as a function of Atr. The integrated intensity reaches
the maximum at Ar = 30fs, and the decay is bimodal. In
order to make the temporal changes clearer, we plotted the
intensities integrated at a low-energy part (0.71-0.78 eV) and
at a high-energy part (0.98-1.05 eV) by red and green curves,
respectively. In view of a high-energy shift of the photoelec-
trons, the former represents more clearly the dynamics of the
fast component, while the latter represents that of the slow
component, although both of them are overlapped partially.
It is clear that the fast component decays within 100 fs of
excitation, and that the slow component grows when the fast
component decays. Therefore, the state responsible for the
low-energy photoemission, which is the primary state of op-
tical transitions, is transferred to the secondary state which is
responsible for the photoemission at high-energy sides. We
analyze the temporal changes in intensity quantitatively later
in order to make the physics involved in the unique feature of
the EX-peak relaxation clear.

We carried out similar time- and angle-resolved photoemis-
sion measurement under 1.82-eV excitation using a different
sample orientation where the detection plane is defined by
the [110] and [110] axes (see Fig. 1). In this case, off-normal
emissions are characterized by k|, along the I' — X direction
of the SBZ, to which the states along the I'-X direction in
the BBZ contribute with kj; = kxsin(45°). However, we could
not detect any intense peaks, similar to the EX photoemission,
for the k| ranging from 0 to 0.38 A~!. Therefore, the state
responsible for the EX photoemission (the EX state hereafter)
is highly localized in the two-dimensional plane of the BBZ
defined by axes of [110] and [001], which includes the states
along the I'-L direction of the BBZ.

V. DISCUSSION

As described in Sec. IV, the EX-photoemission peak dom-
inates over other features in the photoemission from InSb
excited at hupymp > 1.7eV. The EX peak is characterized

by a constant k;; (0.26 A1) and constant E,(lz)(:0.83 eV),
irrespective of hupymp ranging from 1.72 to 1.88 eV. The
momentum- and energy-resolved characteristics of the EX
peak deviate completely from the predictions based on the
interband transitions in the IQP picture. The EX state is highly
localized in the momentum space in the two-dimensional
plane of the BBZ defined by axes of [110] and [001], and
shows ultrafast temporal evolution. The formation yield of the
EX state is excitation-wavelength dependent, and the resonant
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enhancement occurs at hupymp = 1.85€V which corresponds
to the E; transition energy. The photoemission peak that has
essentially the same characteristics as those of the EX peak
in InSb has been reported for GaAs recently [25]. For GaAs,
the EX state has been identified as the saddle-point excitons
associated with the E, transition at 2.95 eV. Here we argue
that the EX photoemission in InSb is also due to the SPE
associated with the E; critical point, based on quantitative
analysis of results obtained above.

A. Energy- and momentum-resolved characteristics
of EX photoemission

Recent theoretical studies on exciton photoionization
have revealed several important aspects which differ signifi-
cantly from those for the one-electron photoemission scheme
[24,26-29], as briefly summarized in Sec. II. Here we examine
critically the relation between the present results and the theo-
retical consequences of exciton photoionization. For the SPEs
in diamond- and zinc-blende-type semiconductors, it has been
shown theoretically that not only the electron-hole pair states
along the I'-L direction, but also those along the two trans-
verse directions perpendicular to the I'-L direction contribute
to the wave function significantly [1,9]. In the present study,
however, the measurement of k-resolved photoemission is re-
stricted only along the I' — ¥ direction of the SBZ; no results
are available for two transverse directions. Nevertheless, the
results provide crucial information on the electronic structure
of the SPE in InSb.

In Fig. 5(a), we show the photoemission map at At = 0 fs
under 1.85-eV excitation as a function of Ex and k. Based on
the ultrafast temporal changes in the EX photoemission shown
in Fig. 4, the spectrum at this time delay has been particularly
chosen to analyze spectral line shapes of the primary state
of photoexcitation. The energy scale is given by the kinetic
energy of photoelectrons, as the initial-state energy given by
the IQP picture has no physical meaning in the case of the
exciton photoionization process [see Eq. (3)]. Although the
photoemissions from photoinjected conduction electrons may
be present, together with the EX photoemission, the intensities
are rather weak. Therefore, it is possible to analyze quanti-
tatively the spectral shape of the fast component of the EX
photoemission with the least ambiguity.

The photoemission spectrum at the peak k;;(=0.262 A,
shown in Fig. 5(b), is characterized by the peak kinetic energy
at 0.98 eV. As will be described in the next section, the decay
time of the fast component of EX photoemission is 22 + 1 fs,
which corresponds to energy broadening of 30 meV. There-
fore, we calculated the Lorentzian line shape with this width
and convolved it with respect to a finite experimental energy
resolution of 75 meV. The thin solid black curve in Fig. 5(b) is
the result of this convolution, showing reasonable agreement
with the experimental spectrum. The exciton-photoionization
theory predicts the photoelectron-kinetic energy given by
Eq. (3). The important role of hole restoration inducing the
recoil energy Eg(—=k) is schematically shown in Fig. 5(d).
When we identify the Egx = 1.85eV, which is the photon en-
ergy giving the peak for EX-photoemission excitation shown
in Fig. 4(c), the recoil energy Eg(—k) by the hole restoration

INTENSITY

hv,,.=1.85 eV (b)

pump
hv,, ,.=4.68 eV —k=0.262 A"!

— Lorentzian

probe’

KINETIC ENERGY (eV)

INTENSITY

FIG. 5. (a) Part of photoemission map measured at Ar = O under
1.85-eV excitation plotted as a function of k;; and the kinetic energy
of photoelectrons. (b) Photoemission spectrum at k;=0.262 A~" of
the image in (a). The black curve shows a theoretical Lorentzian
spectrum with a lifetime broadening of 30 meV (seen the text).
(c) The momentum-resolved intensity of energy-integrated EX pho-
toemission in (a). The intensity at k; < 0.19A~" is due to hot
electrons in the CB. (d) A schematic diagram of the photoionization
process of excitons. The right panel shows the ground and excited
states in a two-particle picture with the exciton state shown by the
red curve. An electron is photoionized with a momentum fik from
an exciton by a probe pulse, while the conjugate hole restores the
valence-band state with the recoil energy Er(—K).

is evaluated to be 0.71 £ 0.06 eV; the error range is originated
from the fluctuation of reported magnitudes of &y, [37].

In the sudden approximation of photoemission [42],
Eg(—k) is determined by the dispersion relation of the va-
lence band [24,27]. The dispersion of HH valence band
along the I'-L direction may contribute primarily to the
Eg(—k). No experimental results have been reported for the
valence-band dispersions along the I'-L direction for InSb.
However, theoretically it has been reported that the HH
valence-band state is lower in energy by 0.72 £ 0.01 eV
at kj = 0.262 A" (k, = 0.453 A~') than the VBM [40,41].
The magnitude of ER(—I_{) obtained by Eq. (3) is in a rea-
sonable range expected from the valence-band dispersion.
Therefore, the exciton-photoionization theory describes well
one of the characteristics of EX photoemission, substantiating
our conclusion that the EX photoemission is due to the exciton
photoionization.

In the photoionization of excitons with K = 0, the pho-
toemission intensity specified by fik and Ex is proportional
to |f(l€, —1?)|2 [24,26-29]. The spectrum in Fig. 5(c) shows
the energy-integrated and momentum-resolved photoemission
intensity as a function of k). In order to exclude possible
inclusions of photoemission components from conduction
electrons, only the low-energy half of the spectrum was in-
tegrated. The maximum is at k; = 0.262 A~ with a width
(full width at half maxima) of 0.060 A~!. In view of impor-
tant roles of the IQP Bloch states along the I'-L direction
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on the SPE formation, we may correlate the distribution of
k-resolved photoemission intensity to the states along the
I'-L direction. The k; that corresponds to kj is plotted as
the upper scale of Fig. 5(a); k; = 0.262 A-! corresponds to
k; = 0.453 AL, Therefore, the electron-hole pair states at
k;, = 0.453 £0.055 A" are primarily involved in the SPE
wave function.

As is well known, when a semiconductor is excited by
ultrashort laser pulses with a broadband nature at the exciton
resonance, the light field induces an optical polarization that
is directly proportional to the exciton wave function [5,43,44].
In the present study, we have captured the excitonic polariza-
tion in the 2PPE scheme by introducing ultrashort probe-light
pulses [29]. In view of the short time frame of measurement
around Ar = 0 and the short lifetime of EX photoemission
mentioned below, the wave function we discussed above rep-
resents an ensemble average of the SPE states involved in the
polarization. As stated above, electron-hole pair states along
the two transverse directions perpendicular to the I'-L line
also play important roles in the SPE formation [1,9]. Adding
experimental results for these states, using more sophisticated
imaging techniques in TR-ARPES [45], will provide compre-
hensive knowledge for the IQP Bloch states of which the SPE
wave function is composed.

B. Dynamical properties of the saddle-point exciton

Based on the conclusion we have reached in Sec. V A that
the EX photoemission is due to the photoionization of SPEs,
we discuss the dynamical properties of the SPE, an excitonic
state formed at energy higher than Es. In Fig. 4, it is clear
that the primary product of photoexcitation is the low-energy
component of the EX peak; the high-energy component is
generated as a result of the decay of the fast component. In
order to gain more quantitative information on the dynam-
ics of the SPEs, we first analyze the decay characteristics.
The semiconductor Bloch equations certainly provide a suit-
able theoretical framework for analyzing optical properties of
semiconductors [5,46]. However, here we use a simple optical
Bloch equation with neglecting all Coulomb interaction terms
in the semiconductor Bloch equations [47]. We obtain only
phenomenological quantities of population decay time 77 and
polarization dephasing time 75.

The exciton photoionization process is modeled in terms
of two sequential excitation steps [25,48]: The first step is the
resonance excitation from the ground state |1) to the excitonic
state |2), and the second one is exciton photoionization lead-
ing to the final state |3) at which the electron is photoemitted.
In this model, 7, = 2T; [48]. In the analysis, we calculate pop-
ulation of the state |2) using a simple optical Bloch equation,
and the second photoionization step is evaluated by simply
convoluting the results of the state |2) with probe pulses. For
the bimodal decay of EX photoemission, the fast component
was analyzed by the optical Bloch equation to determine the
population decay time 77, and the slow component was de-
scribed by a rate equation with the population rise time being
the same as the 7} for the fast component [25,34]. The results
of the analysis are displayed and compared with experimental
results in Fig. 4(d). The solid black curve shows the fast
component for 7] = 22 fs, while the broken curve shows the

slow component of the EX photoemission for a decay time
constant 7 of 400 fs. The sum of two components, shown by a
thin solid black curve, describes well the experimental results.
We confirmed that experimental decay of the EX photoemis-
sion is best described by 7} = 22 + 1fs and T = 400 £ 10fs,
based on the analysis of results obtained under excitation with
different photon energies ranging from 1.72 to 1.88 eV.

As is well known in previous time-resolved spectroscopy,
the dephasing processes in semiconductors are carrier-density
dependent [6,7,49]. In order to examine the effects of ex-
citation density on the population decay time determined
above, we analyzed the results of EX-photoemission obtained
for py ranging from 5.0 x 10'7 to 2.0 x 10"¥ cm~3. In this
excitation-density range, the intensity of the EX photoemis-
sion increased in proportion to py, while the decay times of
both fast and slow components did not show any density-
dependent changes; they showed the same magnitudes within
the error range described above. The results reveal that the
dephasing process of coherent excitonic polarization associ-
ated with SPEs is not affected strongly by the carrier-density
dependent scattering processes in the excitation range studied,
and suggest that the dephasing is governed by other interac-
tions of SPEs.

For the I" excitons formed below Es in semiconductors,
the decay of resonantly excited macroscopic polarization is
governed by the dephasing time typically in the picosecond
range, and dephasing leads to incoherent populations of exci-
tons [5]. On the other hand, the coherent excitonic polarization
associated with the SPE decays with a short time constant
of 22 fs. An excitonic state far above Eg is the bound state
immersed in the continuum of uncorrelated electron-hole pair
states with high density of states, resulting in the strong
interaction between the discrete and continuum states [15].
Therefore, the coherent excitonic polarization may be trans-
ferred into unbound pair states with a rate dependent on the
strength of the electronic interaction. We presume that the fast
decay of the EX photoemission corresponds to the process
of “autoionization” [15], or the transfer from the coherently
formed excitonic state to unbound electron-hole pair states.

In the electronic process of conversion from excitonic
states to unbound electron-hole pair states, the screening of
electron-hole attraction caused by the corrective response of
the photogenerated electron-hole plasma may play important
roles [50,51]. The collective behavior of Coulomb screening
is a retarder response, as clearly demonstrated by ultrafast
time-resolved terahertz spectroscopy [52,53]; the time delay
of the Coulomb screening is the order of the inverse plasma
frequency wp;. As mentioned above, the effects of py on the
magnitude of 7} of the EX photoemission were examined for
po ranging from 5.0 x 10'7 to 2.0 x 108 cm™3. When we
assume that all absorbed photons generate a nonequilibrium
plasma [54], 2 /wp; changes from 74 to 37 fs depending on
po, which are in a similar time range as the 7;. However,
the magnitude of 77 does not depend on py, indicating that
the collective behavior of Coulomb screening does not play
significant roles in the autoionization process of SPEs.

The growth of the slow component of EX photoemission is
governed by the decay of SPEs. This slow component can be
ascribed to the energetic electrons generated by the autoion-
ization of excitons, and the decay, characterized by a time
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constant of 0.4 ps, represents the relaxation of the nonthermal
electrons at the L valley. As shown in Fig. 4, the slow compo-
nent is featured by the higher kinetic energy of photoelectrons
compared to that of the fast component, leading to an unusual
high-energy shift in relaxation process. However, as described
in Sec. II, the kinetic energy of photoelectrons in the IQP
picture and that in the exciton photoionization are determined
by different rules. When the photoemission process changes
from exciton photoionization to the ionization of electrons
with high excess energies in the CB, the physical meaning
of kinetic energies of photoelectrons may change accordingly.
Therefore, we presume that the apparent high-energy shift
of the kinetic energy of photoelectrons during the relaxation
process shown in Fig. 4 reflects the time-dependent change in
photoemission mechanisms; the exciton photoionization pro-
cess which is dominant at Az < 100 fs is replaced by the pho-
toionization of nonthermal electrons in the CB at At > 100 fs.

By the autoionization of the SPEs into the uncorrelated
electron-hole pair states, the electrons with nonthermal distri-
bution and high excess energies are generated in the CB. The
distribution of thus formed nonthermal electrons may depend
strongly on the wave function of the SPE and the details of the
autoionization mechanism. As revealed in Ref. [35], the relax-
ation of photoinjected electrons in the CB of InSb is complex;
not only the energy relaxation due to electron-phonon inter-
action, but also the impact ionization due to electron-electron
interaction play an important role in the relaxation process.
Elucidation of the details of the autoionization process and the
relaxation pathways of nonthermal electrons generated from
SPEs at highly excited states in the CB will be interesting
future issues.

VI. SUMMARY

We have studied the momentum-resolved characteristics
of interband optical transition in InSb, a prototypical exam-
ple of the narrow-gap III-V semiconductors, using time- and
angle-resolved photoemission spectroscopy. The interband
transitions below 1.7 eV are correctly described in terms of
the one-electron band picture for the whole Brillouin zone.
The transitions along the I'-K line are also described by the
one-electron band picture above 1.7 eV, while the transitions
along the A direction turn out to be excitonic associated
with the saddle-point excitons above 1.7 eV. The unique
photoemission peak, which is resonantly enhanced under ex-
citation at 1.85 eV, has been identified as being caused by the
saddle-point excitons in InSb, based on the analysis of time-,
energy-, and momentum-resolved spectroscopic features. Us-
ing the momentum-resolved capability of photoemission
spectroscopy, the IQP Bloch states of which the exciton is
composed have been determined for the states along the I'-L
line. Also, using ultrafast time-resolved capability, we have
shown that coherently generated excitonic polarization asso-
ciated with the SPE decay with a time constant of 22 fs,
which corresponds to the autoionization processes from the
excitons to unbound electron-hole pair states. Therefore, the
saddle-point exciton plays an important role at the E; crit-
ical point even in InSb, which has narrow band-gap energy
and a large high-frequency dielectric constant. This work has
demonstrated that the time- and angle-resolved photoemission

spectroscopy provides far deeper insight into the nature of the
excitonic states formed at the high-energy region above the
E; in semiconductors.
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APPENDIX: TEMPORAL EVOLUTION OF
PHOTOEMISSION PEAKS UNDER 1.63-eV EXCITATION

In Figs. 6(a)-6(d), we show temporal changes in the pho-
toemission map under 1.63-eV excitation. As seen in Fig. 6(a),
the energy- and momentum-resolved map of photoemission
under 1.63 eV at Ar = 30 fs shows a rich structure. Not only
the HH and LH peaks in the I" valley, but peak A is also
excited near the saddle point of the CB along the I'-L line with
the highest intensity. Furthermore, two other peaks, labeled S
and S, can be resolved in the L valley; they have initial-state
energies almost the same as the HH and LH states in the I
valley, respectively. In order to make clear the origins of these
photoemission peaks, we analyze not only energetics but also
the relaxation dynamics of these peaks.

In Figs. 6(a)-6(d), it is clear that the intensity of peak A
is transferred to peak S; substantially during 167 fs, and the
peak S| is merged with peak S, during relaxation. The merged
peak is then relaxing toward the low-energy and high-k| sides
gaining more intensity at later time delays. The features of
relaxation can be well interpreted in terms of relaxation of

T T
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FIG. 6. (a)—(d) Temporal evolution of photoemission images
plotted as a function of kj; and E,(I_é) under 1.63-eV excitation.
Images were measured at At indicated in each panel, and intensities
are characterized by a common color scale in (d). The solid curve
shows the conduction-band dispersion along the I'-L direction. The
rectangles labeled HH, A, and S, are the regions where the intensities
are integrated for quantitative analysis of their temporal evolutions.
(e) Temporal changes of integrated intensities for peak HH (green),
A (red), and S (blue). Solid black curves show the results of analysis
using a set of rate equations (see the text).
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nonthermal electrons in the L valley of CB, as studied exten-
sively in Ref. [35].

In Fig. 6(e), we plot temporal changes in intensities of
peaks A, S;, and HH, which were obtained by integrating
the intensities within the rectangles shown in Fig. 6(a). It is
clear that the rise of peak A is as fast as that of peak HH, and
precedes that of peak S}, showing that peak A, as well as peak
HH, is the primary state of photoexcitation and that peak S| is
due to a secondary state generated as a result of relaxation.
In order to quantify the correlation between peaks A and
S1, we analyze quantitatively temporal changes in intensities
using a set of rate equations to describe temporal changes in
the populations which are correlated with each other. For the
population n, for the peak A and ng for the peak S,

dl’lA

o= Lumpexp{—(t/w)*} — kasna + ksans, (A1)
dn
d_tS = kasng — (ksa + ks)ng, (A2)

where ka5 (ksa) is the rate of population conversion from
peak A to S; (S; to A), and kg is the rate of energy relax-
ation from peak S; to lower states. Importantly, the above

equations assume that the photoexcitation does not gener-
ate directly the state responsible for peak S;. The thin solid
black curves in Fig. 6(e) are the results of calculations
of the above set of rate equations with the following pa-
rameters: w = 62.5fs, kyg = 25.6 x 10257, kgy = 11.4 x
102571, and kg = 2.5 x 10'2s~!. The calculated results fit
reasonably well to the temporal changes in intensities of peak
A and peak S;. In the analysis above, possible roles of peak
HH were neglected for simplicity, as the intensity of peak HH
is much weaker than that of peaks A and S.

The results and analysis described above have shown
clearly that peak A is due to the primary state of 1.63-eV
photoexcitation, and that peak S; is due to the secondary
state populated by the transformation from the primary state.
Similar analysis for peak S, and the peak labeled LH in the
I" valley has shown that peak S, is due to the secondary state
transferred from the primary state responsible for peak LH.
For photoemission peaks observed under different photon
energies, similar analysis of the rise times has been carried out
to identify the primary-state photoemissions. All photoemis-
sion peaks due to secondary states are labeled S in Figs. 1, 2,
and 6.
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