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We report an ultrafast lattice dynamics investigation of the topological Dirac semimetal Cd;As;. A coherent
phonon beating among three evenly spaced A, optical phonon modes (of frequencies 1.80, 1.96, and 2.11 THz,
respectively) is unambiguously observed. The two side modes originate from the counter helixes composing Cd
vacancies. Significantly, such helix vacancy-induced phonon (HVP) modes experience prominent extra waning
in their ultrafast dynamics as temperature increases, which is immune to the central mode. Above 200 K, the
HVP becomes inactive, which may potentially affect the topological properties. Our results in the lattice degree
of freedom suggest the indispensable role of temperature in considering topological properties of such quantum

materials.
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The theoretical prediction [1,2] and experimental verifica-
tion [3-5] of the three-dimensional (3D) Dirac semimetals
[4] enriched the family of topological quantum materials.
It is known that by relieving spatial inversion symmetry, a
Dirac semimetal can be transmuted into a Weyl semimetal
[2,6], which explicitly gives an example that the crystal lattice
may determine the topological property. The x-ray diffraction
(XRD) investigations have shown that Cd;As,, a typical 3D
topological semimetal, preserves a complex crystal structure,
where alternating counter helixes of Cd vacancies form a
square array [7] at low temperatures. The subtle effect of this
lattice structure (including its spatial inversion symmetry) on
its topological property has been discussed [7].

However, more detailed knowledge about this lattice
structure has not been fully explored. For example, the
temperature-dependent lattice collective excitations resulting
from the helix of vacancies has not been reported so far, and
temperature-dependence evidences of lattice phase transitions,
though reported, are not fully explicitly presented [8]. This
is mainly because the lattice structure is so complex that a
thorough temperature-dependent investigation of the lattice
degree of freedom is challenging. Furthermore, since theoret-
ical predictions often refer to 0 K physics and a theoretical
prediction of the full lattice phase transition with temperature
is challenging, the effect of the lattice (temperature) on
topological properties cannot be fully accounted for by theory.

Facing such hidden challenges, we carry out an ultrafast
pump-probe optical spectroscopy investigation of a single
crystal Cd;As; ranging from 6 to 267 K, assisted by spon-
taneous Raman scattering. Ultrafast spectroscopy has been
employed in observing quantum phase transitions [9-13] and
topological properties [14—-16]. Owing to its advantages in
coherent generation and detection, ultrafast spectroscopy has
been also widely used to probe the coherent phonon dynamics
in quantum materials [9,17-21]. Other than the helix vacancy-
induced phonon modes (abbreviated as HVP), our major
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discovery is a clear waning (with increasing temperature)
behavior in its ultrafast dynamics that is “superimposed” on
a regular anharmonic phonon-phonon scattering. Our results
suggest the possibility of a more subtle lattice phase transition
and that temperature (lattice) may affect the topological
properties in similar materials, especially at higher (including
room) temperatures.

Our experimental setup is similar to that in Refs. [9,10] and
the details are given in the Supplemental Material in Ref. [22].
Ultrafast laser pulses of 800 nm central wavelength, ~70fs
pulse duration, and 250 kHz repetition rate are used, with
the pump and probe fluences being 3.42 and 1.33 mJ/cm?,
respectively. Complementary confocal Raman scattering has
also been carried out using a 568.2 nm laser beam (see
Supplemental Material [22]). The details of our sample
preparation was reported in Ref. [23]. We performed x-ray
diffraction (XRD) characterization of the single crystal Cd; As;
(see Supplemental Material [22]) at room temperature, which
shows a tetragonal unit cell with a = b = 12.67A and ¢ =
25.48A and a structure that respects the space group 14, /acd
(no. 142) [7]. Our XRD results also show that the cleaved
surface is the (0, 1, 0) plane (see Supplemental Material [22]).

We measure the differential reflectivity A R/ Ry of the probe
beam as a function of the delay time between the pump and
probe beams. This reflects the modification of the dielectric
constant by the excited state carriers and lattice collective
excitations that are concomitant to the pump beam excita-
tion. By scanning with femtosecond step size, we observe
fast oscillation components superimposed on the electronic
response right after the pump excitation [Fig. 1(a)]. The inset
of Fig. 1(a) illustrates the zoom-in view of these oscillations,
which we attribute to coherent optical phonons. We extract and
replot these oscillations in Fig. 1(b). Interestingly, a frequency
beating can be clearly observed, indicating separate optical
phonon modes with slightly different energies. The inset of
Fig. 1(b) shows the fast Fourier transformation (FFT) of the
time-domain results, explicitly revealing the closely spaced
frequency-domain peaks. The three peak values are 1.80, 1.96,
and 2.11 THz. We attribute the two side peaks to the slightly
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FIG. 1. (a) Ultrafast dynamics at 6 K, with a zoom-in view shown
in the inset. The red curve is a fitting to the photocarrier dynamics.
(b) Oscillation components obtained by subtracting the fitted curve
in (a) from the raw data. Damped oscillations with frequency beating
can be clearly identified. The inset is the FFT of the time-resolved
oscillation.

different helix vacancy-induced bond strengths [7]. Due to
the Cd atom vacancies, some Cd-As bonds are elongated
and some others are shortened (Fig. 5), leading to modified
vibration frequencies. Since such modified bond lengths have
fixed identical values at a given temperature, it is expected
that clear peaks with definite frequencies emerge, instead of a
continuous broadening of the central peak. This is verified as
shown in Fig. 1.

To confirm the above assignment, the coherent phonon
beating (CPB) result should be fitted well by adding up three
individual coherent optical phonon modes. To do so, we first
fit the CPB together with the electronic dynamics by using the
following equation:

AR/Ry = Ay exp(—t/t,) sin(wt + ¢) + A, exp(—t/7,_)
x sin(w_t + ¢_) + A, exp(—t/1,,)
X sin(wt 4+ @4) + Agast €XP(—1 / Trast)
+ Asiow eXp(—1/Tqow) + Ao, ey

where w,w_, wy stand for the three frequencies, A,,A,,Ay+
denote amplitudes, t,,7,—, T,+ represent phonon lifetimes,
and ¢,¢_, @, are the corresponding initial phases, respectively.
The indexes “fast” and “slow” represent electronic dynamics
components, and Ay is the background mainly from stray pump
scattering. Then we subtract the electronic component to get
the coherent phonon component, which we simulate by adding
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up the three optical phonon oscillations (see Supplemental
Material [22]). The simulation fits the data well and confirms
the assignment of the CPB.

The phases of the phonon oscillations can be observed
directly from the time-resolved measurement results. From the
fitting, we obtain that the initial phases ¢, ¢_, and ¢ are all
0.097. Since it is very close to 0, we can attribute the coherent
generation of the optical phonons to the impulsive stimulated
Raman scattering [24-26]. The point group corresponding
to the space group 7/4;/acd (no. 142) is Dy, for which
the Raman active tensors are listed in the Supplemental
Material in Ref. [22]. In the ultrafast spectroscopy that is of
impulsive stimulated Raman scattering mechanism, we have
AR/R X [epump : RO : eprobe][eprobe : R0 : epump]’ where RO is
the Raman tensor and e is the light polarization direction. In
our experiment, the pump beam is vertically polarized and
the probe beam is horizontally polarized. Consequently, the
ultrafast spectroscopy geometry allows for the observation
of A, and B, phonons, which are Raman active (see
Supplemental Material [22]).

We further investigate the temperature dependence of the
CPB. Figures 2(a) and 2(b) map out the time- and frequency-
domain dynamics of the CPB, respectively. With increasing
temperature, the two side bands (red dashed lines marked as
F; and F3) decay faster than the major central peak at 1.96
THz (red dashed line marked as F,). Besides, as expected,
redshifts of the phonon peaks are easily identified. In contrast,
another phonon peak observed at a lower energy (blue dashed
line marked as Fy) shows very weak or no redshift.

To further confirm our mode analysis, we performed
low-wave-number Raman scattering experiments of Cd;As;
at selected temperatures. The results are obtained with the
incident polarization parallel to that of the scattered light (XX),
as displayed in Fig. 2(c). In this configuration, both modes
with the A, and B;, symmetries are allowed. Unlike for the
A1, modes though, the intensity of the peaks with the B,
symmetry should vary significantly with the sample in-plane
orientation, which allows us to distinguish between the two
symmetries. Five dominant excitations are observed at 46.4,
53.8, 58.6, 64.7, and 68.8cm™! [Fig. 2(c)]. The right three
peaks match well the optical phonon modes at 1.80, 1.96, and
2.11 THz (F; — F3) revealed by the ultrafast measurements
using a cross-polarization configuration, respectively. The
intensity of these Raman excitations is rather insensitive
to the sample orientation (see Supplemental Material [22]),
indicating A;, modes. The consistency between ultrafast
measurements and Raman scattering further allows us to
confirm the A, assignment of these three optical phonons
to modes [27,28]. The phonon mode at 46.4 cm~! (1.4 THz)
is also detected in the ultrafast measurement, matching peak 1
(Fp) in the Raman scattering spectra. The peak at 53.8 cm™!
in Raman scattering is not detected in ultrafast spectroscopy,
which might be due to a symmetry that differs from the three
optical phonon modes F; — Fs. Alternatively, this peak may
be too weak (compared with the residual of subtracting the
electronic dynamics) to detect in our ultrafast experiment
(notice the sharp reduction in the amplitude of F,, as compared
with that of peak 1 in the Raman spectra).

Based on the FFT results in Fig. 2(b), we investigate the
temperature dependence of the CPB dynamics. The phonon’s
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FIG. 2. (a) Color mapping of the optical phonon beating. Other than the apparent oscillation, a frequency beating can also be clearly
identified, especially at relatively low temperatures. (b) Phonon peaks (red dashed lines) clearly seen in the corresponding FFT results. The two
side peaks damp faster than the major peak with increasing temperature. (c) Comparison with Raman scattering. The two sets of data compare
well with each other, including a noticeable redshift with rising temperature. Data are offset in both (b) and (c).

frequency and FFT amplitude are extracted from Fig. 2(b) and
plotted in Figs. 3(a) and 3(b), respectively. It is worthwhile to
note that the phonon’s FFT amplitude is not identical to the
phonon amplitude, which we discuss below. The redshifts in
F,,F,, and F; observed in Fig. 2(b) can be clearly identified in
Fig. 3(a).

Significantly, the FFT amplitudes of the three phonon
oscillations show different attenuation rates with increasing
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FIG. 3. Temperature dependences of the (a) frequency and (b)
amplitude of the CPB, obtained from FFT results in Fig. 2(b). (b) The
A and A; phonon modes damp faster than the A, phonon mode with
increasing temperature. Also observed is another coherent optical
phonon mode, labeled Ay. (c) Gradient of FFT amplitudes. (d) Ratio
between the phonon amplitudes. There is a trend of divergence at
about 200 K, dividing the whole temperature range into the active
and inactive HVP regimes.

temperature [Fig. 3(b)], which we denote as dynamics waning
for the two side modes. These two side HVP modes (F; and F53)
exhibit clear waning tendency as compared to the major central
peak (F,). To see this clearly, we use two dashed curves to
mark a “regular” temperature-dependence behavior (resulting
from regular anharmonic phonon-phonon scattering) and the
color bulks to mark the magnitude of the discrepancies
[Fig. 3(b)]. Due to the relatively small number of vacancies
(two vacancies vs six nonvacancies), it is conceivable that these
side optical phonon modes exhibit more sensitive temperature
dependences than the central peak. Moreover, the central peak
also exhibits more sensitive temperature dependence than the
peak at 1.4 THz (Fy), which experiences almost no redshift
with increasing temperature (as such, this indicates that the Fy
mode is not correlated to the vacancies).

To see the dynamics waning of HVP modes clearer, we
further plot the gradient of the FFT amplitude (dA/dT) in
Fig. 3(c), which is derived from the FFT amplitude results in
Fig. 3(b). The “regular” phonon behavior as exemplified by
dA,/dT is close to a straight line. The gradient of the mode
Ay shares the same regular behavior [Fig. 3(c), dashed line].
However, the two HVP modes exhibit different behaviors, fully
exhibiting the waning [Fig. 3(c)]. It can be seen that below
200 K, the slopes of dA;/dT and dAs/dT are clearly larger
than those of A, and A; above 200 K, the slopes are close to
those of A, and Ag. This indicates that one can divide the whole
temperature range into two regions: the “HVP active regime”
and the “HVP inactive regime” [Fig. 3(d)]. In Fig. 3(d),
we explicitly show the ratios between the FFT amplitudes,
Ay i Ay, Ay As, and 2A; : (A + A3). They exhibit diver-
gences at about 200 K, which means that the amplitudes of
A and Aj are negligible compared with A,. This defines
a boundary between the active and inactive HVP regimes.
Ultrafast spectroscopy results in Figs. 3(b) and 3(c) exhibit a
clear distinction between the two regimes [Fig. 3(d)].

The aforementioned ultrafast dynamics waning is obtained
from the analysis of the frequency-domain FFT results
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FIG. 4. Temperature dependence of (a) phonon amplitude and (b) lifetime that are obtained from time-domain fitting, without Fourier
transformation. (c) The product of the phonon amplitude and lifetime. The dots are time-domain fitting results, while the curves are guides to

the eyes.

[Fig. 2(b)]. We simulate the time-domain results directly by
summing up three sinusoidal oscillations. For a few typical
temperatures, we plot the simulation results (see Supplemental
Material [22]) and obtain the phonon amplitudes and lifetimes
without directly extracting them from the Fourier transfor-
mation. The results are shown in Figs. 4(a) and 4(b). The
amplitudes of the three beating phonons do not show dramatic
change with increasing temperature [Fig. 4(a)]. Only slight
reductions in amplitude are observed and there is no difference
between the HVP modes and the central mode. However, the
lifetimes of the central phonon and the two HVP modes show
a different variation tendency [Fig. 4(b)], which is similar
to the results obtained from the FFT amplitudes [Fig. 3(b)].
In order to understand this, we analyze the FFT amplitudes in
detail (see Supplemental Material [22]), where we find that the
amplitudes of the FFT frequency peak are proportional to the
product of the phonon amplitude and the lifetime. Explicitly,
we show A x t as a function of temperature [Fig. 4(c)],
which is consistent with the FFT amplitude results. The
slight difference between the FFT amplitude and the values
of A x T can be explained by the fact that there are three
beating components in the time-domain oscillation and the
FFT amplitude is contributed by three parts together rather than
a single component. Nonetheless, the consistency between
FFT amplitudes [Fig. 3(b)] and A x t [Fig. 4(c)] supports our
analysis. Therefore, the ultrafast dynamics waning we observe
in Figs. 3(b) and 3(d) essentially originates from the waning
in phonon lifetime of the HVP modes.

In previous investigations of the crystal structure of Cds; As,,
there has been a discrepancy on whether it is centrosymmetric
or noncentrosymmetric [7,8,29], which is attributed to the
difficulties in analyzing the subtle difference between the two
structures in the x-ray diffraction results. Here, by observing
the coherent phonon beating in the ultrafast spectroscopy, espe-
cially the dynamics waning of the HVP modes with increasing
temperature, we attribute the conflict mainly to the different
experimental temperatures used in the experiments (room tem-
perature [8], 100 K [7], and liquid helium temperature [29]).

With temperature increasing from liquid helium tempera-
ture to room temperature, the vacancy structure, which is on
the two diagonal positions of the As-Cd cube and forms the
counter helixes (see Supplemental Material [22]), experiences

aprogressive change. In each composing block (i.e., the As-Cd
cube, see Fig. 5), the As-Cd bond length does not change with
temperature because the frequency does not show a difference
or merging of frequencies. That means the As atom positions
do not change either. However, we observe a lifetime waning
in the experiment, which corresponds to the broadening of the
vibrations. This reveals that the fluctuation of the As atom
position is enhanced with increasing temperature [Figs. 5(a)
and 5(b)]. Significantly, at a high temperature above 200 K, in
the HVP inactive regime [Fig. 3(d)], only the central phonon
peak remains in both time and frequency domains, as shown
by our ultrafast results. Thus, one cannot distinguish this
vibration mode from that of a structure without vacancies.
Below 200 K, the lattice structure is asymmetric. In contrast,
from the lattice vibration point of view, the structure becomes
indistinguishable from that of a symmetric structure above
200 K. Since the evidence of structural phase transitions at
around 200 K or slightly above (this may proceed even to
room temperature, as reflected by results in Ref. [27]) is not
explicitly presented in the available reports [8], whether there
is a structural phase transition at 200 K (or slightly above)
is not clear so far. Even though the counter helixes structure
might still be there, the electronic band structure of Cd;As;,
including the Dirac-type topological properties, may not be
preserved at higher temperatures. The crossing between the

HVP active regime HVP inactive regime

FIG. 5. Schematic diagram of the A;, mode (out-of-plane vibra-
tion along the z axis) observed by ultrafast spectrum in the (a) HVP
active regime and (b) HVP inactive regime. The smog mimics the
real-space position fluctuation, which reflects the phonon broadening.
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valence and conduction bands, as well as the degeneracy of the
Dirac points, might need reconsideration, taking into account
the impact of temperature. This also applies to other similar
topological materials. One needs to consider the effect of
temperature on the lattice structure, which ultimately possibly
modifies the electronic properties.

In conclusion, we carried out an ultrafast optical spec-
troscopy investigation of the 3D Dirac semimetal CdsAs,.
We have observed a coherent phonon beating in the crystal,
which originates from the HVP modes caused by corkscrew
Cd vacancies of opposite chirality. Significantly, such HVP
modes show ultrafast dynamics waning, which is immune to
the major phonon mode. Our ultrafast dynamics investigation

PHYSICAL REVIEW B 95, 235108 (2017)

in the lattice degree of freedom thus clearly indicates the
crucial role of temperature in investigating the properties of
topological materials.
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