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Maintaining a population inversion in electron distributions is the first step towards lasing. There is a strong
interest in realizing the inversion in a Dirac conical band structure, because broad-band lasing may then be
realized owing to the zero-gap nature of the Dirac cone. Here we show that the population inversion can be
elongated to >7 ps at 8 K and >10 ps at 300 K on the surface of a p-type topological insulator (Sby 73Big27),Tes.
Time- and angle-resolved photoemission spectroscopy gives us the direct evidence for the elongated duration of
the inversion in the topological surface states. We hereby provide a guideline to prolong the population inversion
at finite temperatures. Our study strengthens the route toward the Dirac materials to be a lasing medium.
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I. INTRODUCTION

Dirac materials possess Dirac fermions characterized by
the zero-gap and conical band dispersions. Dirac fermions are
realized in graphitic materials [1], on the surface of topologi-
cal insulators (TIs) [2,3], and in three-dimensional (3D) Dirac
semimetals such as Cd;As, [4-6]. Dirac materials have the
potential to revolutionize lasers [7]: If a population inversion
can be maintained across the Dirac point of the conical band
structure, induced emission can occur for whatever color,
even in the THz region [8] (Fig. 1, lower right schematic).
Wide-band mode locking is already demonstrated in a variety
of Dirac materials [9,10], indicating that the optical filling of
the upper Dirac cone is substantial when the optical pumping
is intense enough. The surface of TIs may be used as an
optical gain medium for broad-band lasing if the duration of
an inverted population in the topological surface states (TSSs)
can be elongated.

Time- and angle-resolved photoemission spectroscopy
(TARPES) is a pump-and-probe method and can visualize
the electron distributions after the optical pump in a time-,
energy-, and momentum-resolved manner. Being a surface
sensitive method, TARPES is the suited method to verify the
population inversions occurring on TIs. The first evidence for
the population inversion in the TSS was found in a naturally
hole-doped (p-type) TI, Sb,Te; [11]. However, the duration
of the inversion was ~3 ps at most. Even though the ~3-ps
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duration is longer than the nonthermal and possibly inverted
distributions reported for graphitic materials [12—14], further
elongation would be the requisite for the ultimate goal of
broad-band lasing. In addition, from the application point of
view, the demonstration is better done at room temperature,
where thermally-activated electrons also exist and may affect
the duration.

In this paper, we investigate the carrier dynamics of a p-
type TI (Sby.73Big27)>Te; by using TARPES. Our main focus
is in the investigation into how the dynamics is affected by the
thermally-excited carriers. We show that the duration of the
nonequilibrated state is prolonged at elevated temperatures,
where the thermally-excited electrons coexist and partially
fill up to the Dirac point. Furthermore, the duration of the
population inversion across the Dirac point is also prolonged
from >7 ps at 8 K to >10 ps at 300 K. We attribute the
elongation to the thermally enhanced blocking near the Dirac
point at 300 K. Our finding shows the ability to control
the degree of population inversion and provides a guideline
towards the realization of broad-band lasing using TIs at
practical temperature.

II. EXPERIMENTAL

High quality (Sbg 73Big 7). Tes single crystal was grown by
the Bridgman method [15]. Atomic ratios of the constituent
elements were determined by using electron probe micro
analysis. TARPES spectrometer consisted of a hemispherical
electron analyzer and a Ti:sapphire laser system that delivered
1.48-eV pump and 5.92-eV probe pulses at the repetition
rate of 250 kHz [16]. The pump and probe pulses had spot
diameters of 280 and 85 um, respectively, on the sample.

©2019 American Physical Society
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FIG. 1. Temperature-dependent photoexcited carrier dynamics in the (Sby 73Bi27),Tes crystal. TARPES images recorded at various pump-
probe delay times at 8 K (a) and 300 K (b). The all cuts are along the T'-K direction. (c) Time- and temperature-dependent electronic energy
U estimated at T = 8, 60, and 300 K (see text for more details). Dashed lines indicate the delay times of TARPES images shown in panels (a)
and (b). Schematic of population inversion and broad-band lasing in Dirac material (right).

The energy and time resolutions were 15 meV and 300 fs,
respectively. The TARPES measurements were carried out at
the pumping fluence of 0.13 mJ/cm?. Samples were cleaved
in the spectrometer at the base pressure 1 x 1078 Pa. Spectral
broadenings due to space charge effects were set to <10 meV.

III. RESULTS AND DISCUSSION

First, we show the band dispersions and carrier dynamics
recorded at low temperature. Figure 1(a) shows the TARPES
images recorded at various pump-probe delay times () at
T =8 K. All the images show the dispersions along the
T-K line. In the leftmost column, the image recorded without
pumping is also displayed. Before the arrival of the pump
pulse (t = —1.33 ps), the photoemission intensity is observed
only below Ef, in which no recognizable difference appears
compared with that recorded without pumping. This shows
that surface photovoltage effects are absent in the present
sample [17,18]. After the arrival of the pump pulse, the
electrons are immediately populated in the TSS and the bulk
conduction bands located above Eg. Then, the entire Dirac-

cone-like TSS is visualized, for instance atr = 0.27, 1.47, and
5.24 ps due to the transient population. During the recovery,
the photoexcited electrons are transferred to lower energy by
scatterings [19,20] but some electrons remained at the bottom
of the bulk conduction band; see the image at 5.24 ps. At
10 ps, the relaxation in the LDC is mostly accomplished.
However, the photoexcited carriers are still remaining in the
UDC,; that is, an inverted population across the Dirac point is
realized. Such an inverted population was also observed in a
pure Sb,Tes, although the duration of the inverted population
was at most ~3 ps [11]. The electronic recovery time of the
present sample is slightly longer than that of Sb,Te; [11]
but much shorter than that of (Sby 57Big.43),Te; which has a
higher Bi concentration than the present specimen [21]. The
elongation of the recovery upon the increase of the Bi content
was attributed to the approach of the Dirac point towards Ep
due to the conical shape of the TSS: The available phase space
for the scattering within the Dirac cone (intraband scattering)
becomes small when Er approaches the Dirac point [21].
Next, we look into the carrier dynamics recorded at 300 K,
see Fig. 1(b). TARPES images recorded at t = —1.33 ps are
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FIG. 2. (a) TARPES image of (Sby73Big7),Te; along the T'-K line recorded at # = 1.33 ps. Energy-angle frames are set at the upper and
lower Dirac cones (UDC and LDC) in the angular range of 5 degrees and in the energy ranges of [0.077, 0.115 eV] and [0.015, 0.055 eV],
respectively. (b) Temperature-dependent photoemission intensities integrated within the frames UDC and LDC are plotted as a function of
the pump-probe delay time recorded at 7 = 8 (upper), 60 (middle), and 300 K (lower), respectively. (c) Difference of photoemission intensity
(UDC — LDC). Red regions denote the intensity deference in a time domain where the inverted population takes place. Angle-integrated EDCs
recorded at T = 8 (d1)—(d3) and 300 K (el)—(e3) in the time regions of 0.27 <t < 1.87 ps, 1.87 <t < 4.47 ps, and 4.47 <t < 30.8 ps.

unchanged from the equilibrium state recorded without pump-
ing, as in the case at 8 K. However, there are the following
differences between 8 and 300 K. First, the electronic recovery
time is prolonged to >30 ps. Second, even before the arrival
of the pump pulse, the lower part of the Dirac cone is already
filled due to the thermal broadening at 300 K.

In order to quantify the temperature-induced modifications
in the carrier dynamics, we estimate the following integral
U@)= fw>0 wl(w, t)dw, which represents the electronic en-
ergy retained by the electrons above Eg. Here, w = E — EF,
and I(w, t) is the angle-integrated photoemission intensity.
In Fig. 1(c), we plot U(¢) of T =8, 60, and 300 K. Upon
the arrival of the pump pulse, U (¢) sharply rises around O ps
and peaks at ~1 ps for all temperatures. The pump-induced
changes at 300 K remain even at >30 ps while those at 8 and
60 K are almost recovered within ~10 ps.

Next, in order to see the energy-dependent carrier dynam-
ics in the surface state at each temperature, we set the frames
at the upper and lower parts of the Dirac cone (UDC and
LDC) across the Dirac point as shown in Fig. 2(a) and plot the
normalized photoemission intensity as a function of the pump-
probe delay time in Fig. 2(b). In the LDC region, we observed
a fast rise of intensity at all temperatures. Subsequently, the
intensities at UDC are maximized with some delays. The
most striking feature is that even though the energy of UDC
is higher than that of LDC, the electronic recovery at UDC
is longer than that at LDC. This indicates that the transient
inverted Dirac electron population is realized. To show the
duration of the inverted population more clearly, we plot the
photoemission intensity difference between UDC and LDC
in Fig. 2(c). At T = 8 and 60 K (upper and middle panels),
the population inversion appears in the time domain from
~1 ps to ~7 ps. The difference between two temperatures
is negligibly small. At 300 K, the duration of the inverted
population (lower panel) is much longer than those observed
at lower temperatures. The duration is prolonged to >10 ps

even though this sample is not an intrinsic (bulk-insulating)
TL

To provide further evidence for the prolonged population
inversion, we show in Figs. 2(d) and 2(e) the transient angle-
integrated energy distribution curves (EDCs) recorded at T =
8 and 300 K, respectively. In both cases, from 0.67 to 1.87 ps,
the increased spectral intensities in the UDC region are higher
than those in the LDC region [Figs. 2(d1) and 2(el)]. The
results clearly show that the population inversion is taking
place. After the spectral intensities reached maximum at
~1.5 ps in the UDC region, they become smaller with the
population inversion being maintained [Figs. 2(d2) and 2(e2)].
At T = 300 K, the population inversion is retained for >10 ps
in contrast to the case at 8 K [Figs. 2(d3) and 2(e3)]. These
results are in good agreement with the observation from the
data shown in Figs. 2(b) and 2(c).

Here, we consider the instantaneous and delayed rises in
the LDC across the Er and UDC observed in Fig. 2(b),
respectively. An instantaneous rise is often observed in the
vicinity of Ep in metallic materials [11,21-23]. In the present

(a) BCB (b)

FIG. 3. Schematics of two different filling mechanisms at UDC
and LDC. (a) Impact-ionization-like process in the vicinity of Ef.
(b) Indirect transition process by intraband and interband scatterings.
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FIG. 4. Thermal-induced modulation of TARPES images. (a),(b) TARPES images recorded at 7 = 8 and 300 K in equilibrium state
(t = —1.33 ps). (c) Difference image between the images acquired at 7 = 8 and 300 K. (d) Angle-integrated EDCs of the images shown in (a)
and (b) fitted by the Fermi-Dirac distribution function. The energy scale of 4kT at each temperature and the Fermi edge of Au at 8 K are also
shown in (d). (e),(f) Angle-integrated EDCs recorded without and with pumping att = —1.33 ps at 8 (e) and 300 K (f).

case, the Ef is located in the LDC and bulk valence band,
and the instantaneous rise therein may have a common origin
to those observed in metals. A mechanism is similar to the
impact ionization, which can explain the instantaneous rise
around the Ef in metallic materials [Fig. 3(a)]. It probably
dominates the filling at the LDC and its duration is relatively
fast. On the other hand, the delayed rise seen in the UDC is
mainly due to an indirect transition process by intraband and
interband scatterings depicted in Fig. 3(b). It can cause some
delayed responses at the UDC comparing at the LDC because
the UDC is filled after the transfer of the excited electrons
from the bulk conduction band.

Although TIs are characterized by the spin-momentum
locking nature on their surfaces, that is not pure spin-
momentum locking [24-27]. That is, there are multiple orbital
components that contribute in forming a particular TSS. As a
result, both up and down spin components also coexist in the
particular state. Therefore, the direct transition between UDC
and LDC and hence the lasing operation within the Dirac
mode on TI surface becomes allowed.

We turn our attention to the thermally activated elec-
trons observed at 7 = 300 K. Figures 4(a) and 4(b) dis-
play the equilibrated TARPES images recorded at t =
—1.33 ps. Figure 4(c) shows the difference between the
two TARPES images shown in Figs. 4(a) and 4(b).
At T =8 K, the photoemission intensity is observed only
below Er. However, at T = 300 K, some part of LDC is
already occupied even before the arrival of the pump pulse,
and the maximum energy of the electron occupation is shifted
towards higher energy by ~100 meV. Figure 4(d) shows
angle-integrated EDCs of the images presented in Figs. 4(a)
and 4(b) fitted by the Fermi-Dirac distribution function. The
energy scale of 4kpT at each temperature and the Fermi edge
of Au recorded at reduced probing power at 8 K are also
shown in Fig. 4(d). All EDCs are well reproduced by the
fitting. Comparing the spectrum of Au with that of the present
sample at 8 K, we can confirm that the space charge effect is
less efficient. Moreover, Figs. 4(e) and 4(f) show the EDCs

recorded without and with pumping at = —1.33 ps at 8 and
300 K. The difference between two EDCs is also negligibly
small. Thus, we can exclude a possibility of the surface pho-
tovoltage effect reported so far in the bulk insulating regime
[17,18,21]. Concerning the temperature dependence of the
chemical potential shift, we can confirm that there is a small
shift of the locus of the Dirac point by comparing Figs. 2(d)
and 2(e). However, this shift is less than 10 meV and too small
to explain why the spectral weight tailing into the unoccupied
side ~100 meV at 300 K. Therefore, the tailing of the EDC
into the unoccupied side is mainly attributed to the thermal
broadening at 300 K: The tailing of 100 meV is comparable
4kpT at 300 K.

The Dirac point of the present sample is located at ~
100 meV above the Er, which coincidences to the energy scale
of the thermal broadening of the Fermi-Dirac distribution
function around the Er. This implies that, if the Dirac point is
located at ~4kgT above the Ef, there is a high chance to have
a strongly-inverted population when the sample temperature
is held at 7. This can be the new guideline towards realizing
the “Dirac laser” at practical temperatures [7].

Finally, we discuss the origin of the prolonged duration
of the inverted population. At low temperature, since the
density of states around the Dirac node is close to zero, the
available phase space is probably restricted. This can prevent
the photoexcited electrons from recombining with holes as
depicted in Fig. 5 (left), so that the electrons pile up just
above the Dirac node. As a result, the population inversion
takes place across the Dirac point [11]. At high temperature,
the electrons are thermally excited and partially fill the states
up to the Dirac node above Eg. This certainly promotes more
substantial Pauli blocking and prolongs the recovery time as
schematically shown in Fig. 5 (right).

Note that the prolonged duration of nonequilibrated state,
which exceeded >400 ps, was recently reported in neutral
topological insulator (Sbgs7Big43)2Tes [21]. However, we
were not able to discern the population inversion therein: The
lower part of the Dirac cone appeared to be almost fully
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FIG. 5. Schematics of relaxation process of photoexcited elec-
trons in the surface Dirac cones at low (left) and high (right)
temperatures.

occupied. Even when the pumping fluence was increased to
0.52 mJ/cm?, which is four times larger than the present case,
the signatures of the population inversion were not observed.

IV. CONCLUSION

In conclusion, the present TARPES study of the p-type
(Sby73Big23)>Tes demonstrates that the duration of the in-
verted Dirac fermion population can be prolonged to >10 ps
at room temperature. Because of the elongation, p-type TIs
would be suited for a broad-band lasing medium operable at
room temperature.
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