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Observation of unoccupied states of SnTe(111) using pump-probe ARPES measurement
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A TIV-VI compound SnTe is proposed to be a topological crystalline insulator (TCI), and the band structures
have been studied by using angle-resolved photoemission spectroscopy (ARPES). However, the topological
surface states (TSSs) that hallmark the nontrivial topology disperse mostly in the unoccupied side where access
via ARPES is limited. Here we investigate the (111) face of a SnTe film by using pump-probe ARPES. We find
distinct energy sections in the unoccupied side that behave differently in terms of the excitation and recovery
dynamics. From these different behaviors, the boundaries of these sections are attributed to the edges of the
conduction and valence bands. High statistics data reveal that the TSSs are traversing the band gap, which
evidences that SnTe belongs to a TCI. We also find that the bulk bands near the gap show splitting, which is
attributed to the Rashba effect occurring in the dipolar surface region.

DOI: 10.1103/PhysRevResearch.2.043120

I. INTRODUCTION

A topological crystalline insulator (TCI) has been intro-
duced as a new class of insulators [1]. The nontrivial topology
of the bulk band structure is protected by point group symme-
tries of the crystal [1,2], instead of the time-reversal symmetry
in Z, topological insulators. As a result of the nontrivial topol-
ogy, massless spin-polarized modes emerge on the surfaces of
TCI. The topological surface states (TSSs) serve as a hallmark
of TCI, providing a platform for realizing different spintronic
functionalities.

Being categorized as narrow-gap semiconductors, SnTe
and other IV-VI compounds have long been studied for appli-
cation of optical devices in the midinfrared range [3,4]. SnTe
has also attracted much attention in its ferroelectric properties,
because the nonpolar (centrosymmetric) rocksalt (RS) struc-
ture of the IV-VI compounds is inherently soft, or vulnerable
to change into a polar (noncentrosymmetric) rhombohedral
structure [5]: In the SnTe case, the structural transition was
reported in bulk crystals below ~100 K depending on the
hole concentration [6,7]. After the foundation of the TCI class
[1,2], SnTe has gained renewed interest as its exemplary:
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The nontrivial topology of SnTe is protected with respect
to the mirror reflection symmetry about the six {110} planes
of the RS structure [2]. In the pursuit to reveal the charac-
teristics features of TCIs, SnTe and their siblings, such as
(Pb,Sn)Te and (Pb,Sn)Se, have been investigated by angle-
resolved photoemission spectroscopy (ARPES) [8—15] as well
as by electrical transport [16—-19] and optical measurements
[20,21]. Another interest that has recently been arising in I'V-
VI compounds is the discovery of giant Rashba splitting in the
valence band of GeTe, and the relation to the polar structure
and field effects near the surface was discussed [22,23].

In reality, the SnTe crystals are not insulating because the
bulk crystals contain a high concentration of Sn vacancies that
act as acceptors. As a result, the Fermi level (Er) is located
within the valence band (VB), with the band gap ranging in
the unoccupied side, or energies at E > Er. Because ARPES
is not suited to track the dispersions above Eg, the electronic
states around and across the bulk band gap have remained
elusive. In fact, ARPES studies to date on SnTe [8,10-13]
claimed the detection of the TSSs by observing only the tails
of their dispersions. The tails were assigned to the surface
states because their dispersions along the direction normal to
the surface were estimated to be small [8,13] from almost no
variation with the excitation energy.

In time-resolved ARPES (TARPES) implemented by the
pump-probe method, a pump pulse hits the sample, and sub-
sequently a probe pulse snapshots the nonequilibrated state
induced by the pump. The snapshot can be taken when the
redistributed electrons are transiently filling the unoccupied
states; TARPES has the capability to visualize the bands in
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FIG. 1. (a) Snap-shot ARPES images around I" point of the SnTe (111) surface recorded at various delay time ¢ in the range of t =
—1.33-12.7 ps. The horizontal axis corresponds the emission angle along the direction I' to M. The frames A—H shown in the panel recorded
att = —1.33 ps are set as follows: The widths in energy and angle are 0.1 eV and 20°, respectively; the frames A, B, .... H are centered,
respectively, at 0.85, 0.75, ..., and 0.15 eV in energy, and at 0° in the emission angle. (b) The ARPES image without the irradiation of a pump
pulse. The data (a), (b) were both obtained by the measurement at around 25 K. (c) Sketch of the band dispersion of bulk CB, VB, and the
surface state, which we deduce from the time-resolved ARPES images in (a) and also from the time-integrated image in Fig. 3.

the unoccupied side [24,25]. Besides, the existence of the
near-surface field, or surface band bending, can be inferred
through investigating the surface photovoltage (SPV) effect
[26-29]. Here, we investigate the electronic structures of SnTe
by using TARPES; the measurement is done at temperatures
ranging from 25 to 300 K, which covers a critical temperature
of the possible structural transition below 100 K [6,7]. To this
end, we fabricated a single-crystalline SnTe thin film with the
[111] direction normal to the surface. In contrast to (001), the
(111) surface can host the TSSs forming a Dirac cone centered
at T', or around the normal emission & = 0° in the ARPES
image. The appearance of the cone around I" makes it possible
for the cone to be detected by our 1.5-eV pump and 5.9-eV
probe TARPES apparatus [30].

II. EXPERIMENTAL METHODS

We grew a SnTe (111) thin film by molecular beam epitaxy
(MBE) on a CdTe template [31], a thick CdTe layer deposited
on a GaAs wafer. In order to ensure the surface flatness, which
is critical for the ARPES measurement, we grew a SnTe layer
as thick as 1 um. The grown SnTe film was transferred to the
facility of TARPES measurement without being exposed to
air using a homemade portable vacuum chamber. The crys-
tal structure of the grown film was ex sifu examined by the
x-ray diffraction (XRD) measurements. The out-of-plane and
in-plane XRD scans revealed that the SnTe layer is distorted
to the rhombohedra structure, but the magnitude of the dis-
tortion is too small to induce the ferroelectric transition and
the topological nature of SnTe is considered to be practically
preserved. (See Appendix A for details of the growth and
characterizations of the sample.) The TAPRES measurement
was performed with 1.5-eV pump and 5.9-eV probe pulses of
the duration of 170 fs, which were derived from a Ti-sapphire
laser system operating at a repetition rate of 250 Hz [30]. In
the measurement, the energy resolution of less than 20 meV
and the time resolution of 240 fs were attained [30].

III. EXPERIMENTAL RESULTS

We first present the result of TARPES measurement done
with the intensity of a 1.5-eV pump pulse of 325 uJ/cm? at
a low temperature around 25 K. Figure 1(a) shows TARPES
images recorded when the delay time ¢ was varied from —1.33
to 12.7 ps. The image recorded before the arrival of the pump
pulse (r = —1.33 ps) represents the electron distribution in
equilibrium; Therein, virtually no signal appears at energies
above Ep. At t =0 ps, the pump pulse arrives, and signal
emerges at E > Ep because the unoccupied state is filled by
the carriers excited by the pump. The recovery to the equi-
librium state succeeds, and the distribution at ¢t = 12.7 ps is
mostly settled back to the equilibrium distribution. See also
Supplemental Material [32].

We checked that the TARPES image recorded at t =
—1.33 ps showed no discernible difference from that recorded
without pump, namely, from the ordinary ARPES image; see
Fig. 1(b). The TARPES image recorded just before the arrival
of the pump is thus confirmed to represent the equilibrium
distribution. In other words, the effect due to the previous
pump pulse was negligible at the arrival of the next pulse in
the repetitive pumping at an interval of 4 us. If the effect of
the previous pulse survives, it should include pump-induced
heating and SPV effects. The latter can be induced when
the band bending develops around the surface region in an
electrically insulating sample. The absence of SPV in the
present measurement is reasonable because the surface band
bending cannot be expected in our sample with a high hole
concentration of 3 x 10%° cm~3.

In some of the TARPES images shown in Fig. 1(a), one can
see the VB dispersing up to E—Er ~ 0.3 eV. The dispersion is
not a simple parabola, but shows some splitting, which can be
ascribed to the Rashba effect as we shall discuss later. Weak
signals can also be seen at E-Ex > ~0.6 eV; and additionally,
still weaker signals may also be discerned at 0.3—-0.6 eV above
Eg. The former is attributed to the bulk conduction band (CB),
and the latter, to the TSSs that traverse the band gap. The
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FIG. 2. Carrier dynamics in the respective electronic states. Tem-
poral evolution of the PE intensity in the energy frames (a) A-C,
(b) D-F, and (c) G,H, denoted in the snapshot ARPES image at
t = —1.33ps in Fig. 1. The PE intensity is normalized by the peak
value for the respective curves. The magnitude of error bars for the
respective curves is indicated in the legend.

existence as well as the assignment of these states will be
solidified later.

The analysis into the energy dependence of the excitation
and recovery dynamics helps us to nail down the assignment
as well as the existence of the bands. In order to see the energy
dependence in these carrier dynamics, we set frames A—H that
cover the energy region from 0.9 to 0.1 eV, as represented in
the panel for r = —1.33 ps and the caption of Fig. 1(a). Then,
we evaluate the temporal variation of the signal intensity in
each frame. The variations normalized to the peak height are
plotted in Fig. 2. The curves for the frames A to H represent
the change in number of the carriers in the regions from high
(A) to low (H) energies.

First of all, it should be noted that the variations of the
signal intensity are detected in all the frames spanning from
0.1 to 0.9 eV; the photoemission (PE) intensity rises upon
the excitation of carriers into the unoccupied states and then
decays, the carrier distribution recovering to the equilibrium
distribution. Similar temporal variations in all the frames con-
firm that the electronic states, which accommodate electrons,
exist throughout the whole energy region including E—Ef >
0.3 eV. Second, the energy region can be separated into three
sections regarding the rise and recovery profiles as follows:
(1) In the first section [0.9, 0.6 eV] (frames A-C), the in-

tensity rises quickly upon the excitation and reaches the
maximum at ¢ = 0.2—0.4 ps, while the recovery slows as the
energy is lowered. (2) In the second section [0.6, 0.3 eV]
(D-F), it would be difficult to discern differences in the de-
cay profile from those in the first and third sections, due to
scattered profiles with low signal intensities. But it looks like
the rise time becomes shorter compared to the first section.
(3) In the final section at E—-Eg < 0.3 eV (G,H), where the
VB is located, the rise of the intensity is delayed clearly
compared to the first and second sections; it reaches the max-
imum at around ¢ = 0.5 ps. And the recovery slows again as
the energy is lowered. The boundary between the second and
third sections at E—Ex ~ 0.3 eV is readily assigned to the VB
maximum. On the other hand, the rise of the intensity ex-
hibits different behaviors between the first and second sections
though the recovery profiles do not exhibit distinct features. In
addition, taking into account the shape of the band dispersion,
which becomes clearly visible in the time-integrated ARPES
images (shown later), the first section at E-Egr > ~0.6 eV
could be assigned to the CB, with the bottom of the CB
located in frame C [0.7, 0.6 eV]. In the CB, the recovery
to the equilibrium becomes slower as approaching the CB
minimum because the carriers are temporarily accumulated
at the bottom of the CB and then flow into the lower-energy
states. On the other hand, in the VB, both the rise and recovery
of the intensity become slower as the energy is lowered and
approaches the Eg. This would reflect a delay in filling the
states due to the flow of carriers from the higher-energy states.
The first and third sections are thus assigned to the bulk
CB and VB, and the second section in between to the bulk
band gap, its energy width being roughly corresponding to the
reported value ~0.3 eV for the band gap of SnTe. Then we are
led to attribute the states existing in the second section to the
TSSs traversing the bulk band gap.

In order to obtain a clear image of the weak trace above the
VB, we acquired another TARPES dataset composed of 21
snapshots taken in the time domain of [0, 0.76 ps], and added
up all the snapshots. In the time-integrated image shown in
Fig. 3(a), the VB and CB can be seen more clearly than in the
time-resolved images shown in Fig. 1. One can see the split-
ting of the VB top more clearly. In addition, a V-shaped trace
can be discerned in the second section [0.6, 0.3 eV]. Figure
3(b) shows the momentum distribution curves (MDCs) of the
integrated image. The V-shaped dispersion can be tracked by
the peaks in the MDCs: A broad peak seen in the MDC for
the top of the VB is split into two peaks and the separation
becomes wider as the energy is increased and finally the two
peaks merge into the bottom of CB, which also looks like it
is split into two bottoms. It is reasonable to assign the ob-
served V-shaped dispersion to the TSSs that traverse the band
gap. Certainly one might not be able to exclude entirely the
possibility of the incoherent spectral weight for the observed
spectra within the band gap, but such an effect, typically ob-
served in strongly correlated system [33], would not be likely
in the present case. The band dispersion looks as though it is
almost linear, as traced by dotted lines in the figures, though
the exact shape might be hard to be determined due to signal
fluctuations. The crossing point of this dispersion, or the Dirac
point (DP) of the TSSs is located at ~0.2 eV, which is below
the top of the VB. The locus of the DP is not consistent with
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FIG. 3. (a) Time-integrated ARPES image around T point, ob-
tained by integrating time-resolved snapshot images in the range of
t = 0-0.76 ps. This image was deduced from the result of another
set of measurement using probe pulses of a higher intensity than
that shown in Figs. 1, 2, but at the same temperature around 25 K.
(b) Momentum distribution curves (MDCs) at the respective energy
ranges deduced from the time-integrated ARPES image in (a).

that reported previously based on the conventional ARPES
measurements [11,15].

The data presented so far were those recorded around 25 K.
To get insights into the effect of a possible structural transi-
tion, which was reported to take place below 100 K in bulk
crystals [6,7], on the bulk band dispersion, we also performed
measurements above 100 K. Figure 4 shows the TARPES im-
ages recorded at 110, 150, and 300 K. The pump-probe delay
and fluence were set to 0.27 ps and 325 mJ /cm?, respectively.
Although the band dispersion seen in the images becomes
blurred at elevated temperatures, the splitting of the VB is
retained even at 300 K. These results suggest that the splitting
in the VB does not originate from the structural transition of
the crystal in bulk.

IV. DISCUSSION

The surface band observed in our TARPES measurement
exhibits a Dirac-cone shape, but the positon of the DP is differ-
ent from those reported previously [11,15]; The conventional

T=1M0K 150K 300K

-10 0 10
Emission Angle (deg.)
FIG. 4. Time-resolved ARPES images at a fixed delay time t =

0.27 ps measured at elevated temperatures of 110, 150, and 300 K,
respectively.

ARPES studies on the SnTe (111) surface of bulk crystals
and thin films reported that the position of DP was estimated
at 80 meV [11] and 0.65 eV [15] above Efp, respectively.
However, in these studies, the DP was not directly observed
and its position was only deduced from the extrapolation of
the observed lower-branch of the Dirac cone, overlapping with
the bulk VB. On the other hand, a Dirac cone of similar shape
to our result, that is, the V-shaped linear dispersion and the
DP below the top of VB, was observed on the (111) surface
of a mixed crystal Pbg s4Sng 46 Te on the topological side [14].
According to theoretical calculations, the shape of the Dirac
cone on the SnTe (111) surface depends on the surface termi-
nation; the DP lies close to the top of VB for the Sn-terminated
surface, while it lies close to the bottom of CB for the Te-
terminated surface [34,35]. Our result looks rather close to
the theoretical prediction for the Sn-terminated surface, al-
though the surface termination has not been examined in the
present study.

Overall, the relaxation of carriers excited to the bulk
CB and the surface band turned out to be fast; as shown
in Fig. 2, the temporal variations of the PE intensity ex-
hibit rapid decays within a few ps, though there are slight
variations with the energy range. In particular, any appar-
ent bottleneck effect [36] was not observed in the carrier
relaxation in the surface band. This may be related to the
position of the DP, which overlaps with the bulk VB. The
carrier relaxation reported in conventional T materials shows
wide variations depending on the conductive properties of
crystals, exemplified by fast relaxation of the order of few
ps in bulk-conductive Sb,Te; [36] and slow relaxation of
~400 ps in bulk-insulating (Big.43Sbg s6)3Tes [29]. The slow
relaxation in the latter case was attributed to the position of
Fermi level close to the DP [29]. The fast relaxation in the
present study would be consistent with the position of Ep
away from the DP in the degenerate electronic state of SnTe in
an actual crystal.

In the time-resolved and time-integrated ARPES images
in Figs. 1 and 3, the bulk VB exhibits a large splitting,
which is ascribed to the Rashba effect. So far, the Rashba
splitting of the bulk VB has not been reported in SnTe. This
might be just because the top of the VB has not been ac-
cessible in the conventional ARPES measurement. Instead,
in a mixed crystal Pbg s4Sng 4¢Te, the Rashba splitting of the
bulk VB was revealed by conventional ARPES measurement
[14]; in that study, the top of the VB became accessible in
the measurement on an n-type crystal doped with Bi as a
donor impurity. The splitting of the VB in SnTe observed here
shows a close resemblance to that observed in Pbg 54Sng 4¢T€;
the magnitude of splitting is similar and the surface band
converges around the crossing point of the split VB. From
the momentum splitting 2Akg and the energy shift Er es-
timated in the time-integrated ARPES image in Fig. 3, we
derive the Rashba constant g = 2Eg/Akg. The value derived
oar ~ 3.6 eV A is almost identical to the maximal value 3.8
eV A in Bi-doped Pbg s54Sng46Te [14], and also comparable
to the values of ag = 2—4 eV A reported for typical materials
of giant Rashba effect, such as BiTel [37] or «-GeTe [22,23].
The giant Rashba splitting in these materials originates from
the breaking of space-inversion symmetry in noncentrosym-
metric crystal structures. In the case of SnTe, the previous
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studies on bulk crystals reported the phase transition from
RS to rhombohedral (noncentrosymmetric) structure below
100 K [6,7]. However, in the thin film studied here, it is
not likely that the phase transition of bulk structure causes
the observed Rashba splitting in the VB, as discussed below.
First, the XRD analysis at room temperature revealed that
the SnTe layer is slightly distorted with the elongation along
(111) direction (see Appendix A for details), presumably
due to a small lattice mismatch with the CdTe underlayer,
but the magnitude of distortion is estimated far too small to
explain the observed splitting [38]. The phase transition at
a low temperature is also unlikely in the temperature range
studied here, since we did not observe any critical behavior
in the temperature dependence of electrical resistance [19].
This is a different case from the previous studies on bulk
crystals, reporting an anomalous increase of resistance in
the vicinity of the transition temperature [7], due to an en-
hancement of carrier scattering by soft TO phonons [6]. In
addition, we observed the Rashba splitting at the top of VB
at higher temperatures up to 300 K. From these experimen-
tal results, the observed large splitting of VB could not be
attributed to the breaking of the inversion symmetry of the
bulk structure.

In Ref. [14], reporting similar splitting in the VB in a
mixed crystal Pby s4Sng 4¢Te in the conventional ARPES mea-
surement, the authors attributed the observed splitting to the
so-called surface band bending; they argued that the inversion
symmetry is broken near the surface region, induced by an
electric field normal to the surface due to the formation of
a depletion layer and that the band bending near the surface
region, which was caused by the pinning of the Fermi level
at the surface, was enhanced by the charge accumulation in
Bi-doped crystals [39]. However, it is not clear whether such a
large splitting as observed in the present case can be expected
at a potential gradient of the order of 1 V/nm. In addition,
if the band bending is induced by the pinning of the Fermi
level at the surface state, it should be affected by photoexcited
carriers; high-density carriers excited by an intense pump
pulse should contribute to relax the band bending [29]. But
in our TARPES measurement, no SPV effect was discerned
(see Fig. 9 in Appendix A), which denies the existence of
a significant band bending, as an origin of the Rashba split-
ting. Alternatively, so-called surface Rashba effect could be
considered as a possible origin of the observed splitting; a
large Rashba splitting arises at the surface of a solid com-
posed of a heavy element, as discovered on the Au(111)
surface [40], due to an asymmetric form of the wave function
along the direction normal to the surface (space-inversion
symmetry breaking) [41]. For the surface Rashba splitting, the
magnitude of splitting should be determined by the potential
gradient defined for the real wave function, which has a sig-
nificant component near the core due to Coulomb potential
of the nuclei. As a result, the surface Rashba splitting is
expected to be large on the surface of heavy elements, though
it would not be clear whether this surface Rashba effect is also
applicable to our case of the SnTe(111) surface. In addition,
this surface Rashba effect, which is not likely to be affected
by the irradiation of light, may possibly be responsible for
the observed splitting on the SnTe(111) surface. It is expected
that this surface Rashba effect would be sensitive to the atomic

arrangement on the surface. According to theoretical studies,
the splitting of the valence band similar to that observed in
the present case was reproduced for a reconstructed [42] or
pristine [43] surface. In the present study, the surface re-
construction was not apparently detected in the low-energy
electron diffraction (LEED) observation prior to the ARPES
measurement, but detailed analyses on the surface state would
be needed to understand the origin of the splitting of the bulk
band.

V. CONCLUSION

In summary, we have performed TARPES measurement on
the (111) surface of a SnTe thin film grown by MBE. We
observed the whole structure of the surface band, having the
Dirac point below the top of the bulk VB. This result is much
different from that extrapolated from the observation of the
lower part of the surface band by the conventional ARPES
measurement. In the pump-and-probe measurement with the
variation of delay time, we revealed a fast relaxation of carri-
ers excited to the bulk CB and the surface band on the order
of a few ps. We also revealed that the bulk VB exhibits a large
splitting due to the Rashba effect. These experimental findings
demonstrate the potential of this material for application in
spintronics by using spin-polarized states both in the TSS and
Rashba-split bulk bands.
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APPENDIX A: SAMPLE GROWTH AND
CHARACTERIZATION

We grew a SnTe (111) thin film using an MBE chamber
equipped with a compound source of SnTe. As a substrate,
we used a conductive CdTe template [31], in which a thick
layer of CdTe doped with nitrogen (N) was deposited on a
conductive GaAs (111)A wafer. During the growth of SnTe,
we kept the substrate temperature at 250 °C, an optimal value
for the epitaxial growth of SnTe. In order to ensure the surface
flatness, we grew a relatively thick SnTe layer of a thickness
around 1 um. We checked the surface morphology by in situ
observation using reflection high-energy electron diffraction
(RHEED). Figure 5 shows RHEED images before (a) and
during (b) and (c) the growth of the SnTe layer. During the
growth of SnTe, we observed a (1 x 1) streak pattern without
surface reconstruction, which indicates the two-dimensional
growth of a single-crystalline SnTe layer of a good structural
quality. After the growth of SnTe, we transferred the grown
film into a homemade portable vacuum chamber without
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FIG. 5. RHEED images before and during the growth of a SnTe
layer; (a) before the growth of SnTe (the surface of the CdTe tem-
plate), (b) 5 min after starting the growth of SnTe, (c) 7 h after
starting the growth, when the thickness of the SnTe layer reached
around 1 pm.

being exposed to air and transported it to the facility of
TARPES measurement at ISSP, University of Tokyo with
keeping the vacuum of the order of 10~"Torr. In the prepa-
ration chamber of the ARPES facility, we cleaned the SnTe
surface by heating the sample up to around 200 °C. Figure
6 shows the LEED image after the heating. We observed the
fundamental diffraction spots up to the second-order without
any reconstruction, suggesting a clean surface of the SnTe
layer.

We performed ex sifu structural characterizations using
atomic-force microscopy (AFM) and XRD at room temper-
ature. Figure 7 shows an AFM image of the SnTe surface.
Though the surface of the SnTe layer grown on CdTe exhibits
multidomain structure [31], it is almost flat with a root mean
square of height around 0.3 nm within the terrace region.
Figure 8 shows the result of out-of-plane and in-plane XRD
scans of the grown film. In the out-of-plane 26 /w scan profiles
shown in Fig. 8(a), we observed the diffractions only from
the SnTe (111) plane and those of CdTe and GaAs, without
detection of those from any extrinsic phase nor from differ-
ent orientations of SnTe. From the diffraction angles in the
out-of-plane and in-plane scans shown in Figs. 8(b) and 8(c),
the out-of-plane and in-plane lattice constants are derived as
a; =6.335A and ay = 6.327 A, respectively. A slight differ-

FIG. 6. LEED image of the SnTe layer after the thermal annealing.

ence between these two values indicates that the SnTe layer
is strained due to a small lattice mismatch with the CdTe
underlayer. The cube of the RS structure is elongated along
the (111) direction, equivalent to a rhombohedral distortion.
From the values of a, and g, the corner angle of unit cell of
rhombohedron is derived as a ~ 89.95°. Theoretically, it was
predicted that the ferroelectric transition of SnTe from cubic to
rhombohedral structure induces the transition to “ferroelectric
Rashba semiconductor” [38], but the lattice distortion in the
present case is much smaller and would not impact the band
structure.

For the characterization of electrical properties, we grew
another SnTe thin film by MBE with the same growth
condition on an insulating CdTe template; a thick CdTe
layer without N doping on a semi-insulating GaAs (111)A
wafer. We performed the resistivity and Hall measurement
on this SnTe thin film and obtained a hole concentration of

FIG. 7. AFM image of the surface of the 1-um-thick SnTe layer
grown on a CdTe template. The scanned range is 3 x 3 um?2,
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FIG. 8. The out-of-plane and in-plane XRD scan profiles of the
grown film. (a) The profile of the out-of-plane 20 /w scan in the entire
range of diffraction angle. (b) The diffraction of SnTe (nnn) planes
in an enlarged scale of diffraction angle [the same scan as shown in
(a)]. (c) The diftraction of SnTe (nn0) planes in the in-plane 20 x /¢
scan.

3 x 10%° cm~ and mobility around 3500 cm?/Vs at room
temperature.

APPENDIX B: TIME-RESOLVED ARPES MEASUREMENT
AND SURFACE PHOTOVOLTAGE (SPV) EFFECT

TARPES measurement was performed by exciting the
sample using pump and probe pulses of 1.48 and 5.98 eV,
which were delivered from the Ti:sapphire laser system op-
erating at a repetition rate of 250 kHz [30]. The emitted
photoelectron was analyzed using a hemispherical elec-
tron analyzer with an energy resolution of ~15 meV [30].
The spot diameters of pump and probe pulses were 280
and 85 pm, respectively.

Figure 9 shows the angle-integrated energy distribution
curves (EDC) derived from the time-resolved ARPES images

:_‘q? T=25 K

=

=3

<

S

Py

2 | ---- No pump

S | — with pump

= (4 ps-2.4 ps)
-0.2 -0.1 0

E-Er (eV)

FIG. 9. Angle-integrated EDC derived from the time-resolved
ARPES images without and with a pump pulse. A black dashed curve
is derived from the ARPES image without pump and a red solid curve
is derived from that prior to a pump pulse (t = —2.4 ps).

without and with a pump pulse. The two curves representing
the results without and with a pump pulse almost overlap each
other, suggesting that a pump-induced potential shift due to
the SPV effect is negligible.

APPENDIX C: VALENCE BAND STRUCTURE
IN THE OCCUPIED SIDE

Figure 10 shows a “normalized” ARPES image, derived
from the time-integrated ARPES image shown in Fig. 3(a).

-0.1 0 p 0.1
ki (A)

FIG. 10. “Normalized” ARPES image, derived from the time-
integrated ARPES image shown in Fig. 3(a). Here we normalized
the signal intensities at the respective energies, in order to see clearly
variations of intensity at the respective energies.
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Here we normalized the signal intensities at the respective
energies, in order to see clearly variations of intensity at the
respective energies. As shown in this image, one can discern

one of the split states of the valence band even in the occupied
side E — Eg < 0, which continues from the band structure in
the occupied side across the Fermi level.
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