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As a newly emergent type-II Dirac semimetal, platinum telluride (PtTe,) stands out from other two
dimensional noble-transition-metal dichalcogenides for the unique band structure and novel physical
properties, and has been studied extensively. However, the ultrafast response of low energy quasiparticle
excitation in terahertz frequency remains nearly unexplored yet. Herein, we employ optical pump-terahertz
probe (OPTP) spectroscopy to systematically study the photocarrier dynamics of PtTe, thin films with
varying pump fluence, temperature, and film thickness. Upon photoexcitation the terahertz photo-
conductivity (PC) of PtTe, films shows abrupt increase initially, while the terahertz PC changes into
negative value in a subpicosecond timescale, followed by a prolonged recovery process that lasted a few
nanoseconds. The magnitude of both positive and negative terahertz PC response shows strongly pump
fluence dependence. We assign the unusual negative terahertz PC to the formation of small polaron due to
the strong electron-phonon (e-ph) coupling, which is further substantiated by temperature and film
thickness dependent measurements. Moreover, our investigations give a subpicosecond timescale of
simultaneous carrier cooling and polaron formation. The present study provides deep insights into the
underlying dynamics evolution mechanisms of photocarrier in type-II Dirac semimetal upon photo-
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excitation, which is of crucial importance for designing PtTe,-based optoelectronic devices.

DOI: 10.1103/PhysRevLett.126.227402

Introduction.—The emergence of three dimensional
(3D) Dirac semimetals (DSMs), a 3D analog of graphene,
has lately captured immense attention because of their
nontrivial topology properties and the versatile applications
in optoelectronic devices [1-6]. With the unique band
structures, 3D DSMs show great promise in high-
performance photodetection from visible to terahertz spec-
trum [7-10]. Over the past few years, photoconductive
response in DSMs has been studied widely to uncover the
photocarrier scattering mechanisms governed by the
unique gapless band structure protected by crystalline
symmetry [11-14]. With a noninvasive and contact-free
feature, terahertz photoconductivity spectrum can be
used as a spectroscopic tool to obtain dynamical inter-
action of various elementary excitations. The negative
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photoconductivity (NPC) in terahertz frequency spectrum
has been widely reported in some materials such as
graphene [13,15], Bi,Se; [16,17], as well as MoS, [18]
and carbon nanotube [19], which were proposed to arise
from the role of hot electrons, metallic surface states, and
the formation of trions, respectively. Recently, Lorentz-
violating type-II Dirac semimetals have been theoretically
identified and confirmed experimentally as one type of 3D
DSMs, which have tilted anisotropic Dirac cones in
momentum space [20-24] and coexisted electron and hole
pockets on the Fermi surface [20,25,26]. The distinct band
dispersion allows for a unique terahertz PC response in
type-II DSMs different from terahertz positive photo-
conductivity (PPC) in the type-I DSMs [27-29] and
terahertz NPC in materials mentioned above.

© 2021 American Physical Society
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As a model material of the type-Il DSMs, the band
structure and transport properties in PtTe, have been
investigated extensively [20,30-35]. However, the study
of terahertz PC in the type-Il DSM has been seldom
reported so far, and the terahertz photoconductive response
and associated underlying mechanism remain elusive,
although the recent reports demonstrate the tremendous
application potential of the DSM PtTe, in near-infrared
imaging and long-wave detection [36,37]. Understanding
the dynamical evolution and clarifying the interaction
mechanism among different elementary excitations of the
type-II DSM PtTe, after photoexcitation not only provide
alternative pathways for controlling electronic energy
relaxation and dissipation, which is useful for high-
performance optoelectronic devices applications, but also
open up an avenue for the further exploration of photo-
excited quasiparticles dynamics toward other DSMs and
even Weyl semimetals [38,39].

In this Letter, we utilized OPTP spectroscopy to unravel
the ultrafast photocarrier dynamics of type-II Dirac semi-
metal PtTe, thin film. Our experimental results reveal that
the photocarrier responses of PtTe, thin films initially
exhibit absorption enhancement of terahertz radiation
induced by hot electron, subsequently, the enhanced tera-
hertz transmission occurs within a subpicosecond timescale,
which is rooted in the small polaron formation-induced
reduction of carrier mobility. Our study reveals an ideal
platform to monitor and engineer the conductivity in
terahertz frequency and paves a new way for ultrafast
photonic applications.

Sample characterization.—The high-quality films PtTe,
with the thickness of 6.8, 20, and 44 nm and lateral size of

FIG. 1.
PtTe, films.
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10 mm x 10 mm without intended doping were syn-
thesized on the fused silica substrate, and the detailed
process has been provided in our prior work [40]. The
detailed thickness and x-ray photoemission spectra of the
three films are given in Figs. S1 and S2 of Supplemental
Material [41]. Figures 1(a) and 1(b) display the crystal
structure of PtTe, from both the top and side views. The
background carrier densities at room temperature are in
order of 10> cm~ obtained from Hall measurement for the
three films (Fig. S3 in Supplemental Material [41]).
Figure 1(c) shows the Raman spectrum of the PtTe, film
with an excitation laser line of 532 nm, two pronounced
phonon modes at 112 cm™' (E,) and 156 cm™" (A,,) are
clearly seen for all films, which correspond to the in-plane
and out-of-plane vibration mode, respectively. As displayed
in Fig. 1(d), the room temperature x-ray diffraction (XRD)
pattern measured with grazing incidence exhibits a pro-
nounced (001) characteristic peak for all films, indicating
good crystallinity of our samples.

Transient terahertz dynamics measurement.—The time-
resolved OPTP experiments in the transmission configuration
were performed to explore the dynamics of photocarriers.
The optical pulses are delivered from a Ti:sapphire amplifier
with 120 femtoseconds (fs) duration at the central wavelength
of 780 nm (1.59 eV) and a repetition rate of 1 kHz. The
terahertz emitter and detector are based on a pair of (110)-
oriented ZnTe crystals. The optical pump and terahertz probe
pulse are collinearly polarized with a spot size of 6.5 and
2.0 mm on the surface of the sample, respectively. All
measurements were conducted in a dry nitrogen atmosphere,
and the samples were placed in a cryostat with the temper-
ature varying from 5 to 300 K.
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(a) and (b) show the crystal structure of ab and bc side view, respectively. (c) Raman spectra and (d) x-ray diffraction pattern of
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Experimental results.—To probe the photocarrier relax-
ation of PtTe, films, we have applied terahertz pulse after
an optical pump at 780 nm and measured the photoinduced
transmission change, which is defined as AT =T — T,
with respect to the delay time 7 between terahertz pulse and
optical pulse, where the 7y and T denote the transmission
signals of terahertz electric field peak value without and
with photoexcitation, respectively. In a thin film approxi-
mation, the pump-induced terahertz transmission change
AT/T,, is proportional to the terahertz NPC —Ao [58]. In
the following, the term “film” refers to the 20 nm PtTe, film
on the fused silica substrate unless otherwise stated.

Figure 2 illustrates the pump fluence dependent
transient terahertz response of the film at room temperature.
Figure 2(a) shows the transient trace AT/T as a function
of delay time with pump fluence of 542 pJ/cm?. The inset
plots the transient terahertz response in short time window.
Fascinatingly, the transient terahertz transmission consists
of three stages with distinct timescale: (i) a pump-induced
rapid increase in terahertz PC (drop in terahertz amplitude
transmission) with response time limited by the laser pulse
duration; (ii) the rapid transition in terahertz PC signal from
positive to negative on subpicosecond timescale; (iii) the
slow recovery process lasts a few nanoseconds from the
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maximum bleach signal to the equilibrium state. Notably,
the transient terahertz response after photoexcitation in the
film shows a clear difference from that in type-I DSMs,
such as graphene and Cd;As,, in which either positive or
negative terahertz PC responses were observed
[13,15,27,28]. We have also fabricated identical PtTe,
films on sapphire and yttrium aluminum garnet (YAG)
substrates. All these films show a similar terahertz response
as demonstrated in notes 4 and 5 of Supplemental
Material [41].

Figure 2(b) shows the transient terahertz transmission
traces under various pump fluences, and the inset presents
the magnitude of AT /T with respect to the pump fluence
at a delay time of r =0 and ¢ = 3 ps, respectively. The
good linear fluence dependent terahertz transmission indi-
cates that the transient terahertz responses do not exhibit
saturation up to 542 uJ/cm?. Considering that the bleach-
ing signal lasts a few nanoseconds, we employ a mono-
exponential function convoluted with laser pulse to fit the
ultrafast transient terahertz transmission of Fig. 2(b) in the
initial 10 ps time window, with the fitting results shown in
Fig. S6 of Supplemental Material [41]. The fitting time
constants versus pump fluence are presented in Fig. 2(c).
The result indicates that the relaxation time of terahertz PC
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(a) The transient dynamics of 20 nm PtTe, film under 780 nm pump at room temperature. The inset plots the transient response

in a short time window, the red line is monoexponential fitting. (b) The terahertz transmission, AT /T, as a function of delay time under
various pump fluences. The inset plots the magnitude of AT /T, at ¢t = 0 ps (black) and r = 3 ps (red) with respect to pump fluence,
respectively. (¢) The rising time constants obtained from monoexponential fitting with respect to pump fluence, and the solid line is a
linear fitting. (d) Terahertz waveform transmission of the sample without pump (brown) and with pump fluence of 542 uJ/cm? collected
at delay time r = O (red) and = 5 ps (blue), respectively. The inset shows the corresponding frequency spectra obtained from Fourier

transform.
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from positive to negative increases linearly with the applied
pump fluence. Figure 2(d) shows the transmitted terahertz
waveforms through the film at = 0 ps, 5 ps, and without
photoexcitation, respectively. The photoinduced change in
the terahertz electric field is expressed as AE(f,,t) =
E(t,,1)-E(t,), where E(t,t) and E.(z,) is the time-
domain terahertz waveform at ¢t with and without pump,
respectively, and #, is the electro-optical sampling delay for
the distinction from the pump-probe delay time ¢. It is clear
that terahertz transmitted waveforms collected at r = 0 ps
and =5 ps show out of phase with each other. The
relevant frequency-domain spectra via Fourier transform of
E.t, AE,_j, and AE,_5 are shown in the inset of Fig. 2(d).

The film PC, Ao = A(nu)e with e being elementary
charge, is determined by the change of carrier concen-
tration (An) and mobility (Au) under photoexcitation.
Thus, the time evolution of terahertz transmission after
photoexcitation is governed by An and Au [15,59].
Compared to the intrinsic high carrier concentration (in
the order of 10?2 cm™3) of the film under studied, the
photogenerated carrier density (~1.8 x 10** cm™3 for
highest pump fluence) is less than 1% and negligible.
The photoexcitation mainly results in the thermalization
of electrons through electron-electron (e-e) scattering
within a timescale of several tens of fs. The resulting high
electron temperature would broaden the Fermi distribu-
tion of hot carriers over a wider energy range and lead to
free carriers’ absorption of terahertz pulses due to the
intraband transition undergoes larger possible momentum
and energy conservation spaces [28]. Therefore, the
photogenerated hot carriers give rise to the sharp
enhancement of terahertz absorption in the film.
Considering that the bleaching signal appears after a fast
relaxation in subpicosecond timescale, the terahertz NPC
should only arise from the photoexcitation-induced
reduction in carrier mobility. Next, we will discuss
origins that may lead to the diminution in carrier mobility
of the film.

Discussions.—Before assigning the terahertz NPC to the
excitation of small polaron in PtTe,, we discuss other
possible origins of the NPC, with more detailed interpre-
tations provided in note 7 in Supplemental Material [41]. In
brief, one possible origin of the observed NPC in PtTe, film
could be due to the increased electron effective mass after
photoexcitation, which would be true if the electrons in
Dirac cones are photoexcited into conduction band under
1.59-eV-optical-excitation. However, it is not the case since
the Dirac point in PtTe, is located around 0.8 eV below the
Fermi surface [20,21]. We have carried out OPTP meas-
urement with a pump wavelength of 1600 nm, the pump-
induced bleaching of terahertz transmission is still clearly
observed as shown in Fig. S7.1 in Supplemental Material
[41]. Therefore, the conjecture about the contribution of
Dirac electrons can be easily excluded. Another possibility
is that the observed NPC in PtTe, arises from the formation

of trions after photoexcitation as in monolayer MoS, [18].
Considering the metallic nature of the film with high carrier
concentration, the formation of the exciton with photo-
excitation can be totally screened by the background free
carriers, thus this possibility can be safely ruled out. Third,
photoexcitation leading to the elevated lattice temperature
may be a possible origin of the observed NPC in PtTe, film.
According to the two-temperature model, the e-e thermal-
ization is much faster than e-ph thermalization after photo-
excitation, and the electrons with the elevated temperature
transfer the excess energy to lattice via e-ph coupling until
the two subsystems reach a balanced temperature [46,49].
The electronic temperature cannot be lower than that before
photoexcitation, therefore it is impossible that the observed
NPC comes from hot carrier contribution. Besides, PtTe,
films with an identical thickness of 20 nm were grown on
various substrates with different thermal conductivities
(fused silica, YAG and sapphire), the recovery processes
of transient terahertz signals (Fig. S7.2 in Supplemental
Material [41]) show almost same relaxation behaviors,
which suggests that thermal diffusion cannot explain the
long-lived relaxation. Fourth, impurity in the PtTe, film
may also lead to the NPC after photoexcitation as observed
in some semiconductors [50-52]. We exclude the contri-
bution of impurity to the NPC based on the following two
facts: one is that the terahertz conductivity (without pump)
increases with decreasing temperature as shown in
Fig. S7.3 of Supplemental Material [41], which indicates
the metallic nature of the PtTe, films and the negligible
impurity contribution to terahertz conductivity. The other is
that the relaxation time (i.e., a few nanoseconds) of the
NPC observed in Fig. 2(a) is 4—6 orders of magnitude faster
than the recovering time of the NPC reported in semi-
conductors [50,51,53,54]. Last but not least, we noted that
terahertz radiation on our samples after photoexcitation is
negligible so that the observed NPC signal can also rule out
the contribution from the photoinduced terahertz radiation.
Based on the analyses above, we interpret the unexpected
NPC as the photo excitation of small polaron in PtTe,, in
which the formation of small polaron leads to the signifi-
cant reduction of carrier mobility due to the phonon
“dressing” of carrier.

The polaron has been experimentally observed in
numerous compounds including metal oxides [60,61]
and organic semiconductors [62] as well as halide
perovskites [63—65]. Besides, the possible existence of
polaron formation in graphene and TMDs has been
proposed theoretically [66—68]. The strong and short-range
e-ph coupling could give rise to the formation of small
polaron. Previous experimental measurement [69] has
shown that PtTe, exhibits a strong e-ph interaction with
the coupling constant ranging from 0.38 to 0.42. Upon
photoexcitation, the photogenerated hot carriers would
couple with PtTe, lattice vibration strongly. It is this strong
e-ph coupling that makes the cooling of hot carriers and
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distortion of the lattice around the carriers and gives rise to
small polaron with reduced carrier mobility, which is the
origin of the terahertz NPC. The polaron formation after
photoexcitation is supported by the experimental results
about the pump fluence dependent NPC shown in Fig. 2(b).
Higher pump fluence leads to a higher electron temperature
in PtTe, film, therefore more phonon modes are excited
during the hot electron cooling process via e-ph coupling.
As a result, more electrons are “trapped” by phonons and
the NPC signal under higher pump fluence becomes
more pronounced. We also note that the rising time in
Fig. 2(c), i.e., the timescale for polaron formation, is within
100-500 fs and is consistent with ~100 fs reported in the
conjugated polymers [70] and ~400 fs in the lead-iodide
perovskites [63,64].

Since the mobility of small polaron decreases with the
reduction of temperature [71,72], we anticipate that a more
prominent NPC phenomenon occurs when reducing the
temperature of the film. Figure 3(a) plots the AT/T,
collected at t =0 and 3 ps with respect to temperature,
respectively, and the inset shows the temperature dependent
temporal terahertz transmission at fixed pump fluence of
362 pJ/cm?. It is clear that the NPC signal at t = 3 ps
increases monotonously with decreasing temperature,
while the PPC signal around t = O ps is present only at
high temperature. When the temperature is lower than
200 K, the PPC behavior vanishes completely. The
enhanced NPC signal with decreasing temperature is
consistent with the transport property of small polaron.
The disappearance of PPC signal around ¢ = 0 ps at low
temperature suggests that photocarrier thermalization and
polaron formation take place simultaneously due to the
significant increase of e-ph coupling strength at lower
temperature. As a result, the newly formed polaron is “hot,”
which is composed of hot photocarrier and cold lattice, and
subsequent polaron cooling process occurs via e-ph ther-
malization by transferring the excess energy to deformed
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FIG. 3.

lattice. Figure 3(b) shows the transient terahertz dynamics
at 5 K for various pump fluences (terahertz dynamics at
100, 200, and 300 K are given in Fig. S8 of Supplemental
Material [41]). Apparently, the relaxation of the NPC signal
shows an additional fast process with a typical timescale of
~1 ps by comparing with the signal measured at room
temperature. The fast relaxation component represents the
polaron cooling process, resulting in the increase of polaron
photoconductivity. The inset in Fig. 3(b) shows the close-
up view of the rising process of the terahertz transmission,
and it is clear the rising time increases with pump fluence.
Hence, the temperature dependent transient terahertz trans-
mission spectra do support our interpretation that the NPC
after photoexcitation in PtTe, films comes from the
formation of small polaron.

We further study the effect of film thickness on the
terahertz PC short- and longtime windows at room temper-
ature, with the results shown in Fig. 4. The inset in Fig. 4(a)
shows the magnitude ratio of NPC collected at = 3 ps and
PPC at t =0 ps, increase of the ratio with the film
thickness shows that thicker film exhibits more pronounced
negative terahertz PC. Figure 4(b) shows the normalized
transient terahertz transmission in a long scan window for
the three thickness films, longer relaxation time present in
the thicker film indicates slower polaron dissociation
process in the thicker film with stronger e-ph coupling.
Inset in Fig. 4(b) presents the fitted rising time with respect
to film thickness (see Fig. S9 in Supplemental Material [41]
for the fitting details). Faster rising time occurring in the
thicker film is indicative of larger e-ph coupling in thicker
PtTe, film again, which is reasonable that thicker film has
better crystalline as supported by the Raman and XRD
results shown in Figs. 1(c) and 1(d), respectively.

We also evaluate the intrinsic conductivity as well as the
pump-induced conductivity change of 20 nm PtTe, film in
the investigated terahertz frequency, with results shown in
Figs. S10.1 and S10.2 in Supplemental Material [41]. The
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(a) Temperature dependent AT /T, at delay time of + = O ps (orange) and 3 ps (blue), respectively. Inset shows the transient

terahertz transmission at various temperatures at fixed pump fluence of 362 uJ/cm?. (b) The transient terahertz transmission at 5 K
under various pump fluences. Inset shows the enlargement of the rising process of AT /T under various pump fluences.
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frequency dependent intrinsic terahertz conductivity in
PtTe, film can be well reproduced with the pure Drude
model (see note 10 in Supplemental Material [41] for
details), indicating free carrier nature of PtTe, film in
terahertz frequency. Different from the intrinsic terahertz
conductivity dispersion, the terahertz photoconductivity at
low frequency region is significantly suppressed, manifest-
ing itself in the feature of photocarrier localization effect
that takes place after photoexcitation. Similarly, the Drude-
Smith model characterizing the carrier localization in the
weak confinement system [73] is also employed to analyze
the complex terahertz photoconductivity. However, all
attempts to fit the Ao utilizing the Drude-Smith model
fail, which suggests that the photocarriers could be strongly
localized. The strong localization of photocarriers further
confirms our model of small polaron formation stemming
from the photogenerated hot carrier induced lattice defor-
mations in PtTe, films.

Conclusions.—To summarize, we have utilized ultrafast
OPTP spectroscopy to investigate the relaxation dynamics
of photoexcited carriers in type-II Dirac semimetal PtTe,
films. The significant feature of the transient terahertz
transmission is the enhanced terahertz absorption followed
by terahertz photobleach with a lifetime of a few nano-
seconds. The fast terahertz response with time constant of
hundreds of fs is dominated by simultaneous carriers
cooling and formation of small polaron, and the dissoci-
ation of small polaron plays a leading role in the recovery
process of slow terahertz bleaching. Our investigations
offer insights into the photocarriers’ dynamics in type-II
Dirac semimetal and the new findings may find their
implications in the development of novel optoelectronic
devices.
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