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Here, using the ultrafast optical pump-probe spectroscopy, we have studied the quasiparticle dynamics in the
type-II Dirac semimetal NiTe,. Anomalous dynamic optical responses are detected around a critical temperature
T* (~60 K), which is also evidenced by the transport experiment. In specific, our results reveal a phonon-
assisted electron-hole recombination process showing an anomaly at 7* ~ 60 K. We discover an unusual phonon
renormalization behavior, manifested by the 7-dependent phonon energy and lifetime exhibiting anomalies at
T*. We unveil that the observed anomalous 7' -dependencies can be attributed to the sudden shift of the phonon
mode involved in the recombination, which originates from the abrupt change of electronic structure near the
Fermi surface. These findings can provide deeper insight into the nonequilibrium carrier and lattice properties in

the topological materials.
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I. INTRODUCTION

The electronic structure near the Fermi surface plays a
vital role in the equilibrium and quasiequilibrium properties
of the condensed-matter systems [1-4], which may have com-
plex Fermi surface topology that is essential to the emergent
phenomena in the transport and optical experiments [5-7].
In particular, the quasiparticle relaxation via the scattering
processes necessitates clarification during the evolution of
the Fermi surfaces. The related physics is intricate since
it involves the nonequilibrium fermionic quasiparticles and
bosonic excitations interacting with each other, i.e., electrons
and holes for the former, and phonons and other low-energy
collective modes for the latter. So far, it is still not fully
understood how the dynamics of fermionic quasiparticle in
different materials responds to the bosonic modes upon the
sudden variation of the electronic structure in k-space, al-
though the related information can be essential to understand
the experimental results and can be useful for developing
future electronic and optoelectronic devices.

In the past years, topological semimetals (TSMs) have
attracted significant interest in the condensed-matter and ma-
terial physics [8—11] due to many exotic properties induced
by their unique Fermi surface topology. Typical TSMs, such
as the Dirac semimetal, the Weyl semimetal, and the nodal-
line semimetal, have conical dispersion and belong to the
so-called type-I TSMs. There exists another type of quantum
matter called type-II TSMs [12,13], which are characterized
by strongly tilted Dirac cones. Consequently, the associated
band topology in type-II TSMs leads to a variety of interest-
ing phenomena, e.g., the direction-dependent chiral anomaly,
unusual superconductivity, exotic quantum oscillations, and
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giant nonlinear optical responses [14—17]. Clearly, the type-1I
TSMs provide nice testbeds for studying the dynamic proper-
ties of the fermionic quasiparticles and collective excitations.

Very recently, among the type-II TSMs, the Ni-based com-
pound NiTe, was proposed to host the Dirac fermions in
the vicinity of the Fermi energy (tens of meV above Ey)
[18]. Many experimental studies on NiTe; [18-25] have been
carried out and primarily focus on investigating the trans-
port properties [21-23] that are potentially associated with
the topological band structure of this material. Here, using
the ultrafast optical pump-probe spectroscopy [see Fig. 1(a)],
we reveal the dynamic properties of nonequilibrium carriers
and phonons, which are critical to the electrical transport
in the single crystal NiTe,. Our measurements reveal a pe-
culiar temperature-dependent phonon-assisted recombination
process whose decay manifests an anomaly near 7* ~ 60 K.
Moreover, we identify a coherent phonon mode whose tem-
perature evolution of energy and lifetime can greatly deviate
from that of the conventional anharmonic phonon-decay
model and, particularly, shows unusual behaviors across 7*.
Detailed analysis shows that these abnormal phenomena can
be attributed to the sudden electronic structure change near the
Fermi surface as the temperature crosses 7, or to the eminent
Lifshitz transition [26]. These results present us critical infor-
mation for understanding and controlling the nonequilibrium
or quasiequilibrium properties of the topological materials
and other similar systems.

II. EXPERIMENT AND RESULTS

The NiTe, sample in our experiments is a single crystal,
~1 mm in size, which was grown by the self-flux method
[21]. During the sample growth, the mixture of nickel powder
(99.9%) and tellurium shot (99.99%) with a molar ratio of
1:15 was prepared and sealed in an evacuated quartz tube.

©2022 American Physical Society
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FIG. 1. (a) Schematic of experimental setup. (b) The transient reflectivity AR(¢)/R (red line) as a function of time delay in NiTe, at
T =5Kand F = 1.6 uJ/cm? . The black solid line shows the fit to the measured data, without including the oscillations. The magenta and
the blue curves represent the contributions of fast and slow relaxation processes obtained from the fitting. (c) AR(¢)/R as a function of time at
selected temperatures. The inset in panel (c) shows the AR(#)/R signal up to 350 ps.

Then the tube was heated to 700 °C for 12 h, and gradually
cooled down to 500 °C within a week. The prepared sample
was characterized by x-ray diffraction and scanning elec-
tron microscopy, respectively, and the results show its high
quality. The details of sample characterization are shown in
Appendix A.

In our work, the transient reflectivity of NiTe, was mea-
sured at a center wavelength of 800 nm (~1.55 eV) using
a Ti:sapphire femtosecond laser with a pulse width of ~55
fs (full width at half maximum), whose repetition rate was
80 MHz. During the measurements, the typical pump fluence
was 1.6 1J /ecm?, and the power ratio between pump and probe
was 10:1. The sample was mounted in a cryostat whose tem-
perature could be controlled from 5 to 300 K with an accuracy
of ~0.1 K. More information about the experimental setup can
also be found in Refs. [27-30].

Figure 1(c) shows the typical transient reflectivity AR(f)/R
signals measured from ~5 K to room temperature. Initially,
photoexcitation results in a sharp drop in AR(¢)/R due to
the thermalization of the electronic system via the electron-
electron (e-e) scattering. Thereafter, a fast recovery of the
photoinduced reflectivity change occurs within ~300 fs, after
which there exists a relatively slow decay process followed
by a very slow recovery extending to several hundreds of
picoseconds. In addition, the AR(¢)/R signals also display
clear damped oscillations superimposed on the nonoscillating
background. Here, we discuss the decaying and oscillating
components in succession.

A. Ultrafast decay processes

We first focus on the nonoscillatory signals within ~20
ps, i.e., the two relaxation components mentioned above. The
very slow recovery dynamics is not discussed since it is
mainly due to the thermal diffusion process. In order to quan-
titatively extract the relaxation time, the measured AR(t)/R
signal before ~20 ps is fitted using the following formula
[29,31],

AR(t) _ (Z Aje*rf- +c) ® G@), 6}

R
j=12

where A; and 7; (j = 1 and 2) are the amplitudes and decay
times of the two relaxation processes, respectively. C is a con-
stant representing the long recovery process that is beyond our
research interest (much longer than 20 ps), and G(¢) is a Gaus-
sian function standing for the pump-probe cross correlation.
As seen in Fig. 1(b), the fitted curve is in excellent agreement
with the nonoscillating part of the experimental data. And we
found that A} < 0 and A, > O for all the temperatures, while
71 and 1, characterizing the lifetimes of fast and slower relax-
ation processes are strongly temperature dependent. In order
to gain insight into the origin of the two relaxation processes,
a careful examination of the temperature-dependent relaxation
dynamics is indispensable. The extracted t; and 1, values as
a function of temperature are shown in Figs. 2(a) and 2(b).

In general, after the e-e thermalization, the hot carriers
start to transfer their excess energy to the lattice system with
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FIG. 2. Panels (a) and (b) show t; and 1,, respectively, as a func-
tion of temperature for pump fluence of ~1.6 uJ/cm?. The curves
denote (a) the TTM fit (black solid curve) and (b) the calculated tem-
perature dependence of the phonon-assisted e-k recombination time
(the dark yellow and the blue curves are the fittings with different
temperature ranges). (¢c) Schematic of the potential hot-carrier cool-
ing processes via the phonon-assisted electron-hole recombination in
NiTez.

a sub-picosecond timescale via the electron-phonon (e-ph)
scattering in metals and semimetals [32—34]. Therefore, con-
sidering 7; with a timescale of ~100 fs, we can reasonably
attribute its associated decay process to the e-ph scattering,
which, in principle, can be described by the two-temperature
model (TTM). Figure 2(a) shows the result obtained by the
TTM (see fitting details in Appendix B). We notice that 1
above ~80 K can be fitted well using the TTM. There exists a
clear discrepancy between the fitted curve and the experimen-
tal data at T < 80 K, and it can be ascribed to the invalidity
of the TTM at low temperatures. This is because the TTM
is only applicable for the systems with well-defined tempera-
tures, i.e., the e-e thermalization time should be shorter than
the e-ph scattering time, which, however, is not always true,
especially at low temperatures (T < ®p/5) [34-36]. This is
consistent with our observation in NiTe,, which has a fit-
ted Debye temperature of ®p ~ 340 K. Employing 77! =
3hr{w?)(wksT,)"", we can further obtain the dimensionless
e-ph coupling constant A to be ~0.69, which has the same or-
der with the values obtained in the other topological materials
[37,38]. In fact, we also obtained the value of 7; as a function
of pump fluence, which is consistent with the TTM as shown
in Fig. 6 in Appendix C, confirming that the TTM is able to
explain the fast relaxation process in our observations.
Differing from the fast relaxation characterized by 1, the
1p-decay process cannot be attributed to the e-ph scattering
since its temperature dependence is clearly opposite to that of
71, as seen in Figs. 2(a) and 2(b). One may consider first the
radiative recombination across a direct gap, which, however,
can be excluded since such a process usually takes a timescale
of a few nanoseconds [39]. Based on the electronic structure

of NiTe; [18,20,40], two unique properties can be found: (i) it
has strongly tilted Dirac cones near the valence band maxima,
and (ii) there exist the conduction and valence band ex-
trema in close proximity within the Brillouin zone. Since the
nonequilibrium electrons (holes) can still accumulate in the
conduction (valence) bands after the e-ph thermalization pro-
cess, these two properties may facilitate the phonon-involved
electron-hole (e-h) creation and recombination processes [41].
In particular, the phonon-assisted e-4 recombination has al-
ready been observed via the quasiparticle decay in several
topological materials [42—45], where the timescale and the
temperature dependence are nearly the same as those of 7,(7)
observed here. Therefore, we attribute the 1, process to this
type of recombination, which can be quantitatively described
by [42-44]

1 X 1
—=A—+—, (2)
1%) sinh“x 7o

where x = hw,/2kgT, and w, corresponds to the frequency
of the phonon mode involved in the e-h recombination. 7y,
a temperature-independent parameter, represents the indirect
recombination process which relies on the impurities or de-
fects of the sample. A is a parameter related to not only
the density of states (DOS) in the conduction and valence
bands but also to the matrix elements of the e-h scattering
via the e-ph coupling. Figure 2(b) demonstrates that the fitted
results are in excellent agreement with the experimental data,
strongly supporting that the decay process characterized by
7, originating from the phonon-assisted e-h recombination.
However, in order to get a best fit, we found that the values
of w, and 7y both experience sudden variation as T crosses
a critical temperature 7*(~60 K), i.e., w, /27w ~ 1.6 THz and
79 ~ 6.3psforT < T* while w,/2mr ~ 4.3 THzand 7y ~ 5.9
ps for T > T*. Since (i) both the energy and the momentum
are conserved during the indirect recombination and (ii) the
impurity or defect level relative to the electron and hole bands
(or pockets) influences the recombination time, the sudden
variation of w, and 7ty suggests that near Ep there emerges
an abrupt change of the electronic structures associated with
the electron and hole pockets.

Note that a similar decay process was also observed in the
Weyl semimetal WTe, [44]. However, 1, in our sample is less
temperature dependent at 7 > T*, which is due to the rela-
tively smaller parameter A in Eq. (2). This could be explained
by the difference of electronic structures between NiTe, and
WTe,, where there exist the distinct DOS and scattering ma-
trix elements. Additionally, in the low-temperature regime,
the lifetime of the slow relaxation process in WTe, decreases
with T decreasing. This is attributed to two factors: (i) the
expansion of the hole pocket at lower temperatures and (ii)
the temperature-dependence of interband e-ph scattering [44].
Clearly, we observed an opposite temperature dependence of
7, at T < T* in NiTe;. Considering that the trend of ; still
obeys the phonon-assisted recombination model at 7' < T,
we believe that the two factors mentioned above play a minor
role in our observation, and, by contrast, the conventional
phonon-assisted recombination model can still be applied in
our case. The different temperature-dependent behaviors of
WTe, and NiTe, at T < T* should be related to their different
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FIG. 3. (a) Extracted oscillations for three typical temperatures: 5, 100, and 295 K. (b) The Fourier-transformed spectra as a function of
temperature in the frequency domain. (c) Frequency and damping rate of the phonon mode w,, which are determined via Eq. (3). The magenta
and teh blue solid curves represent the fits using different models at T < 7* and T > T*, respectively. The black dashed curve represents the
fit using the anharmonic phonon model within the full temperature range.

electronic structures and needs to be further studied in the
future.

B. Ultrafast coherent phonons

We now focus on the oscillatory part of AR/R. The
oscillation signals with terahertz (THz) frequency in the
transient reflectivity usually arise from the coherent optical
phonons, which are initiated either via the displacive exci-
tations or the coherent Raman process [46,47]. Figure 3(a)
shows several typical time-domain oscillations, while the
temperature-dependent frequency-domain data are shown in
Fig. 3(b). It is obvious that the mode with a frequency of ~4.3
THz (w; /27) persists up to the room temperature. According
to the previous Raman spectroscopy study on NiTe, [40], this
mode should belong to the A, optical phonon mode. Another
oscillatory component with a frequency of ~4.5 THz (w,/27)
gradually diminishes as the temperature increases, and its
temperature-dependent frequency response is also consistent
with the anharmonic phonon model described below (the de-
tails are in Appendix D). In this work, we mainly discuss the
w; mode. In order to quantitatively explore the properties of
the coherent phonon mode, we use the following equation to
fit the time-domain oscillatory signals:

[AR®)/Rlse = Y Aje” " sin(w;t +¢)),  (3)
j=1.2

where A;, I'j, w;, and ¢; (j =1 and 2) are the amplitude,
damping rate, frequency, and phase of the two modes, respec-
tively. The fitted key parameters w; /27 and I'; are listed in the
Fig. 3(c) (j = 1) and Appendix B (j = 2). We note that in the
Fourier-transformed spectra, there also exists a phonon mode
around 2.7 THz [40], which is due to the E, phonon mode and
strongly depends on the pump polarization (see Appendix C
for details). The configuration used here safely guarantees this
mode is nearly unnoticeable and hence will not complicate the
extraction of the values of w; and w, from the time-domain
signals.

The temperature-dependent renormalizations of the
phonon energies and decay rates generally are determined by

the anharmonic phonon-decay process [48—50] and are given
by

P PN(T) = wo+a1[l +2n3(%,T)], 4)
PP (7 = F0+a2[1 —I—an(%, T)] (5)

Here, wy and I'y are the intrinsic frequency and the damping
rate, respectively. a; and b; (j =1 and 2) are the fitting
parameters. ng(w, T) = [¢"*/T — 1]~ is the Bose-Einstein
distribution function. Usually, in the anharmonic phonon
model, I increases with increasing temperature, while w
shows the opposite T dependence. However, as shown in
Fig. 3(c), the temperature-dependent fitted parameters (I"; and
w) for the w; mode manifest in more complicated trends,
which are beyond the anharmonic phonon model. Specifically,
as the temperature increases, (i) I'; enhances quickly until
the temperature reaches ~60 K and then shows a continuous
decrease; and (ii) the frequency of w; mode, starting from
a saturate value, experiences a relative quick drop before
~60 K and then decreases slowly. To our knowledge, such
exotic temperature-dependent renormalization of the coherent
phonon properties are rarely seen in the experiments.

When examining the w; phonon mode, surprisingly, we
found its energy coincides well with that of the phonon in-
volving the e-h recombination at 7 > T* discussed above.
Besides, the anomalous temperature of ~60 K observed in
' (T) and w(T) is also the same as the critical tempera-
ture 7* observed in 1,(T ). Evidently, these results strongly
suggest that the exotic T-dependent behaviors of ' and w
may emerge when the w; mode starts to participate in the
phonon-assisted e-h recombination process, i.e., w; ~ w, at
T > T*. Alternatively, the unusual renormalization behav-
ior should be related to the abrupt change of the electronic
structures around 7*. In principle, the T-dependent phonon
renormalization includes two contributions: depopulation and
decoherence [51]. The former, often referred to as the anhar-
monic phonon effect, dominates in general. The latter may
play a role if the strong e-ph coupling and/or non-negligible
defects exist in the studied material. Obviously, at 7 > T,
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FIG. 4. (a) The schematic of the Lifshitz transition in NiTe,. (b) The first derivative of the T -dependent resistance, which clearly shows the
change near 60 K. The inset is the resistance of NiTe, as a function of temperature. (c) The Hall resistivity (o.,) as a function of the magnetic
field at different temperatures, where the sign flip of its slope appears at T ~ 60 K.

the phonon-assisted e-h recombination involving the @; mode
will trigger the decoherence effect due to the e-ph interaction
playing the key role in such a process and hence leads to the
T-dependent damping rate I',.,;, which can be described as
[45,52]

rer) =g [f(-3 1) - F(3 7). ©

where I'j” " is a residual damping rate, and f(w,T) =
[e(io—Er)/ksT 4 11-1 is the Fermi function. In this model, at
higher temperatures, based on the Pauli exclusion principle,
the thermally excited electrons and holes can suppress the
electronic transitions at energy fiw, leading to less e-ph scat-
tering [45,52]. Consequently, the net damping rate is given
by I'(T) = I'P" 4 PP However, microscopically it is ex-
tremely difficult to derive an analytical expression to describe
w1(T) including both contributions. Nonetheless, we can as-
sume that these two parameters phenomenologically follow
a power-law-like (7*) T-dependent behavior, very similar
to what has been done during discussion of the relaxation
of another bosonic quasiparticle—spin [53]. Under such an
assumption, we can fulfill the fit of experimental w; and I';
in two separated temperature regimes divided by 7*; i.e., for
w, we use wP"PN(T) and power-law at T < T* and T > T*,
respectively; and for I'y, we use ['PP"PP and [Ph-Ph ek gt
T <T*and T > T*, respectively. Figure 3(c) demonstrates
that the fitted results agree very well with the experimental
data and that they strongly support our interpretations. We
note that the temperature dependence of the phonon mode
w, cannot be due to its interference with w,, since no clear
anomaly is observed at T =T in wy(T) (see Fig. 8 in
Appendix E).

III. DISCUSSION

As mentioned above, the anomalous temperature-
dependent behaviors of the recombination process
characterized by t, and the coherent optical phonon
of the w; mode should be associated with the sudden
electronic structure change at 7 ~ T*. Since no change
of the crystal structure of NiTe, has been detected, our
experiments suggest that the Lifshitz transition [25]
potentially emerges in this material, i.e., an electronic

and topological transition defined by the change of Fermi
surface topology without the symmetry breaking [26],
which could be induced by the applied pressure [25,54],
external magnetic field [55], temperature [1,2,56,57], and
photoexcitation of ultrafast optical pulses [5]. In NiTe,, the
pressure-induced Lifshitz transition has been proposed by
observing anomalies of the pressure-dependent phonon
spectrum and resistivity [25]. Therefore, we suspect
that the unexpected variation of 7,(7') near T* in our
experiments may originate from the temperature-induced
modification of the Fermi surface in k-space. As illustrated
in Fig. 4(a), at T > T*, more electron pockets might occur
and hence open additional phonon-assisted e-h recombination
channels. As a result, there will appear sudden changes
in the temperature-dependent carrier and coherent phonon
dynamics that are engaged in. However, two requirements
must be satisfied in this scenario: (i) Er should be on the
order of kgT (<100 meV) [58]; (ii) Near Ep there exist
intricate band structures with anomalous dispersion, which
make abrupt change of the Fermi surface possible due to
the shift of the chemical potential [56]. Evidently, these two
conditions are satisfied in the NiTe, single crystal, where Er
is only ~20-76 meV lower than the Dirac point and cuts
through the conduction band, the valance band, and the Dirac
cone [18,20,40] [see Fig. 4(a)].

In fact, the temperature-dependent resistance also discloses
an anomaly around 60 K [see Fig. 4(b)], which means the
carrier or scattering properties near Er undergo some changes.
More strong evidence confirming the electronic transition in
NiTe, can be revealed by the Hall measurement, which en-
ables us to identify the carrier types at different temperatures.
The measured py, as functions of the applied external mag-
netic field at temperatures from 20 to 200 K are shown in
Fig. 4(c). Clearly, a sign flip of its slope appears at T ~ 60 K
and directly unveils the change of carrier types as a result of
the populated states varying in the electron and hole pockets
via the temperature-driven shift of the chemical potential [see
Fig. 4(a)]. Such an observation establishes a sudden transfor-
mation around 7* in the temperature evolution of the Fermi
surface.

Based on the discussions above, the exotic temperature
dependence of carrier dynamics (7p) and coherent phonons
(w1) could be understood well by considering the electronic
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FIG. 5. The surface morphology of NiTe, from SEM measurement with different scales.

structure change around 7%, i.e., the Lifshitz transition. We
note that the transition temperature 7* is only 60 K, whose
corresponding energy (kg7 ~ 5.2 meV) is much less than the
Fermi energy (Er ~ 20-76 meV); such a transition should be
mainly contributed to the topological nontrivial bands rather
the Dirac cone as shown in Fig. 4(a). Also, we note that be-
cause the electronic transition in this work is observed nearly
at the same temperature in both the transport and the optical
experiments, it should be due to the thermal-originated chem-
ical potential shift rather than to the optical-induced band
structure renormalization in our pump-probe experiments. Al-
though we cannot fully exclude the latter one, its contribution
should be very small due to the extremely low excitation
fluence compared to the previous work in WTe;[5], where the
optical-induced Lifshitz transition was observed with fluences
of more than 2 mJ/cm?, which is almost larger by 3 orders of
magnitude than those in our experiments.

Moreover, although our results reveal the influence of the
Lifshitz transition on the ultrafast dynamics of the topological
semimetal NiTe,, details of the Fermi surface change and the
related momentum-dependent effects deserve further explo-
rations in the future.

IV. SUMMARY

In conclusion, we have demonstrated that the ultrafast
carrier and phonon dynamics in NiTe, can be tuned by the
Lifshitz transition. The relaxation process (7, ) of carriers and
the amplitude and frequency of the coherent phonon (w;)
show unexpected temperature dependence at T* (~60 K),
where the electronic transition emerges. The abrupt change of
the electronic structure at 7* can mediate the carrier recombi-
nation and electron-phonon interaction and further affect the
electromagnetic response of NiTe,. This proves the feasibility
to manipulate the nonequilibrium carrier and lattice responses
in a variety of material systems with similar electronic

structures. Also, our findings will benefit the development of
future ultrafast electronic and optoelectronic devices based on
the topological materials.
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APPENDIX A: SAMPLE CHARACTERIZATION

The NiTe, sample was characterized by the energy disper-
sive spectrum (EDS), x-ray diffraction (XRD), and scanning
electron microscopy (SEM), respectively.

The EDS and XRD results of our sample can be found in
Ref. [21]. The EDS measurement clearly indicates the Ni and
Te peaks with a perfect atomic ratio of 1:2, and XRD shows
the single-crystal diffraction pattern without impurity peaks,
indicating the high quality of the crystals. Figure 5 shows the
morphology of NiTe, measured by SEM, and its relatively
smooth and uniform surface ensures the good quality of the
sample for optical measurements.

APPENDIX B: TWO-TEMPERATURE MODEL (TTM)

Based on the TTM, the electron-phonon energy relaxation
time t is given by [34]

T? — T
rz—y(e ’), (B1)
2H(T., T)
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FIG. 6. The value of 7| as a function of pump fluence, and the
curve represents the TTM fitting.

where y is the electronic specific heat (Sommerfeld) coeffi-
cient, and the expression of H (T, T;) is

H(T,, T)) = f(T,) — f(T}),
5 p6p/T 4

X
04
05 Jo

(B2)

F(T) =4gs dx, (B3)

er —1
where 7, and 7; are temperatures of electron and lattice
subsystems, respectively, and go, is the electron-phonon
coupling constant. The temperature of electrons can be
estimated by

(B4)

where Uj is energy density of laser light, which can be calcu-
lated according to the experimental conditions. The fitting of
7 (the fast relaxation process mentioned in the main text) as
a function of temperature in the TTM is shown as a solid line
in Fig. 2(a) in the main text.

APPENDIX C: FLUENCE DEPENDENCE OF 1,

71 as a function of pump fluence is shown in Fig. 6, which
is obtained from AR/R measured at 80 K. The curve in
Fig. 6 is from the TTM fitting as mentioned in Appendix A.
The good fitting quality is consistent with the 7-dependent
fitting as shown in Fig. 2(a), suggesting that the TTM is
appropriate to describe the fast relaxation process in our
observations.

APPENDIX D: POLARIZATION DEPENDENCE
OF PHONON MODES

We also performed the pump-polarization-dependent ex-
periments on NiTe,, and the amplitudes of the oscillations
(in frequency domain) are shown in Fig. 7. It is obvious that
there are three phonon peaks, and only the E, mode (w3) is
dependent on the pump polarization. Therefore, in the study
of coherent phonons, we choose the pump polarization angle
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FIG. 7. FFT amplitudes of oscillations with different pump po-
larization angles, at 10 and 90 K.

as 0° to minimize the contributions of the ws; phonon, which
can simplify the data analysis process.

APPENDIX E: EXTRACTED PARAMETERS
OF PHONON MODE o,

The extracted frequency of w, as a function of tempera-
ture are shown in Fig. 8. We can see that the uncertainties
of w, are large at high temperatures due to the amplitude

4.56

. 4.53

4.50+

w,/2m (THz

4.47

100 120 140

FIG. 8. The extracted frequency of the mode w,. The blue curve
represents the anharmonic phonon model fitting.
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of this mode diminishing quickly with increasing 7. How-
ever, we can still fit the data with the anharmonic phonon
model, and the result shows acceptable fitting quality,

which also indicates that the temperature-dependent behav-
ior of w, could be explained by the anharmonic phonon
model.
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