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Highly anisotropic transient optical response of charge density wave order in ZrTe;
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Low dimensionality in charge density wave (CDW) systems leads to anisotropic optical properties, in both
equilibrium and nonequilibrium conditions. Here, we perform polarized two-color pump probe measurements
on a quasi-one-dimensional material ZrTes, in order to study the anisotropic transient optical response in the
CDW state. Profound in-plane anisotropy is observed with respect to the polarization of probe photons. Below
Tepw both the quasiparticle relaxation signal and amplitude mode (AM) oscillation signal are much larger, with
E,; nearly parallel to the a axis (Ej; || ) than for E,,; parallel to the b axis (Ey; || b). This reveals that the E; || a
signal provides much a larger response to the variation of the CDW gap. Interestingly, the lifetime of the AM
oscillations observed with E,, || b is longer than E,; || a. Moreover, at high pump fluence where the electronic
order melts and the AM oscillations vanish for E, || a, the AM oscillatory response still persists for E; || b. We
discuss the possible origins that lead to such an unusual discrepancy between the two polarizations.
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I. INTRODUCTION

Low dimensionality plays a key role for the formation
of charge density waves (CDWs). CDWs usually appear in
quasi-one-dimensional (1D) or quasi-two-dimensional (2D)
materials [1,2], where the low-dimensional electronic struc-
ture supports good Fermi-surface nesting. The electronic
susceptibility, especially for quasi-1D systems, tends to di-
verge at the nesting wave vector 2kp [3,4], resulting in
electronic instability and periodic modulation of the conduct-
ing electrons. Another important factor for CDW formation
is electron-phonon coupling. At 2Ky, phonon modes tend to
soften, leading to a new periodic modulation of the lattice
structure [3-6].

A typical experimental characterization of the CDW phase
is the measurement of optical properties, in both equilibrium
and nonequilibrium conditions. Optical conductivity spec-
troscopy is a powerful tool to identify the single-particle
gap in the CDW state, where a profound spectral weight
redistribution happens in the low-energy range [7-10]. CDWs
also induce new collective excitations consisting of ampli-
tude (AM) and phase modes. The AM excitations involve
ionic displacement around the periodically distorted atomic
displacements, and can be observed in Raman spectroscopy
as a soft optical mode with A, symmetry [11,12]. Besides
these time-averaging spectroscopies which detect equilib-
rium properties, ultrafast pump probe techniques have been
widely utilized to study the nonequilibrium dynamical evo-
Iution of the system after optical excitation [7-10,13-15].
The single-particle gap opening and the appearance of col-

“lilyyue @pku.edu.cn
Tnlwang @pku.edu.cn

2469-9950/2023/107(16)/165115(7)

165115-1

lective AM are manifested in the time-domain spectra as
changes in quasiparticle (QP) relaxation signals and coherent
oscillations, respectively. Moreover, time-resolved probes can
provide much more information of the system that is inacces-
sible in the equilibrium state, including nonthermal ultrafast
phase transitions driven by pump excitation [16,17], and se-
lective detection of the order parameter components during
the relaxation process [16,18].

The low dimensionality of CDW systems can lead to
strongly anisotropic optical responses. Optical conductiv-
ity experiments have built a thorough understanding of the
anisotropy in the equilibrium state. For in-plane optical con-
ductivities of many quasi-1D CDW systems, the gap signature
mainly appears with the polarization direction along the
in-plane projection of the 2k vector (which is often the
structural chain direction) [7,19]. In contrast, for the nonequi-
librium dynamical relaxation process, the anisotropy of the
transient optical response was seldom studied. Such studies
would be meaningful for clarifying the dynamical evolution
of the CDW state, and expand the understanding of coop-
erative phenomena. Here, we report polarized femtosecond
pump probe measurements on a prototypical quasi-1D CDW
material ZrTes. Our data reveal interesting and pronounced
anisotropic transient optical responses of the system.

II. EXPERIMENTAL RESULTS

ZrTe; is a quasi-1D CDW metal with Tepw = 63 K. It
belongs to the space group P2;/m, witha = 5.89 A, b = 3.93
A, c=10.09 A, 8 =97.8°, and @ = y = 90° [11,20]. The
structure consists of prisms stacking along the b axis. The
sample has a stripelike ab surface, with the long edge parallel
to the b axis and the short edge parallel to the a axis. The or-
dering wave vector qcpw = (0.07a*, 0, 0.33¢*) corresponds

©2023 American Physical Society
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FIG. 1. (a) and (b) Time-resolved reflectivity under different po-
larization conditions at room temperature and 10 K, respectively,
with pump fluence ~60 wJ/cm?. The inset of (a) depicts the re-
flection geometry of the experiment, where the a axis lies in the
horizontal plane of incidence, and the b axis is along the vertical
direction.

to the nesting of quasi-1D Fermi sheets near the Brillouin zone
boundary [11,21,22]. Unlike other quasi-1D CDW materials
such as NbSe;, K93MoOs, etc., qcpw is perpendicular to
the structural chain direction. According to angle-resolved
photoemission spectroscopy (ARPES) experiments, the quasi-
1D Fermi sheets are partially gapped around the Brillouin
zone D point [21,23], where the electron-phonon interaction
is strongest [11]. Optical conductivity measurements showed
an anisotropic gap feature which is more prominent along the
in-plane a direction [24], with a depletion of spectral weights
below 1000 cm™!.

We performed two-color pump probe reflection mea-
surements on the ab surface of ZrTe; single crystal [25].
Figure 1 displays the polarization-dependent transient reflec-
tivity changes at room temperature and at 10 K. It is clear that
the polarization of the probe photons makes a major differ-
ence in the signal amplitudes. In the CDW state [Fig. 1(b)],
the difference between the two probe polarizations is much
more profound than in the normal state [Fig. 1(a)]. Since
the polarization-dependent spectra are dominated by the E,
direction, we focus on the results obtained with E,, || a. Con-
sidering the rather small incident angle of the probe beam, the
s and p polarizations can be approximated as nearly parallel
to the b (Ey; || b) and a (E; || a) axis.

Figures 2(a) and 2(b) present the temperature evolution
of the transient reflectivity change with E; || a and E,; || b,
respectively. In Fig. 2(a), at 300 K the relaxation dynam-
ics is given by a fast decaying negative signal with a small
long-lived background signal extending far over the 10 ps
time window. As temperature is decreased towards Tcpw, the
long-lived background signal changes sign. Across the CDW
transition, a second exponential decay process with a posi-
tive sign and longer relaxation time becomes apparent while
the amplitude of the long-lived background response rapidly
increases with decreasing temperature. Upon cooling to the
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FIG. 2. (a) and (b) AR/R as a function of time delay at dif-
ferent temperatures for Ey || @ and E || b, with pump fluence
~60 W /cm?. (c)—(f) Temperature dependence of several parameters
characterizing the QP relaxation dynamics. The red and blue markers
correspond to spectra obtained with Ej; || a and E, || b, respectively.
The solid lines in (c) are the fitted curves with the RT model using
T -independent gap [26]. The dashed lines are guides to the eye.

lowest temperature, the two exponentially decaying signals,
as well as the long-lived signal, are further enhanced, and
the oscillatory response due to the CDW amplitude mode
with ~2 ps period becomes apparent. The spectra for E, || b
[Fig. 2(b)] show a similar trend, but with substantially lower
signal amplitudes.

The QP relaxation dynamics can be fit by a convolution of a
Gaussian response function and the following model function,

AR _ ot
<?>4 — A A S 4 BI+C. (D)
1

Here, i = a or b denote the E,, polarization, Ay; and ty; are
the amplitude and relaxation time of the fast negative expo-
nential decay seen at all temperatures, and Ag; and t; are the
amplitude and relaxation time of the picosecond positive com-
ponent arising in the CDW phase. The long-lived background
signal should, in principle, be fitted with a third exponen-
tial decay with a very long relaxation time. However, since
we are focusing on the short time dynamics on timescales
of about 10 ps, we approximate the long-lived response by
Bt +C;.

In the pump probe experiment, the pump pulse injects QPs
into the system. If a gap opens near the Fermi level, photogen-
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erated carriers will accumulate above the gap, the presence of
the latter resulting in a relaxation bottleneck slowing down the
relaxation process. The relaxation amplitude Ay at different
temperatures can be described with the Rothwarf-Taylor (RT)
model A; = % [26], where E; is the excitation
density, y is a fitting parameter, and A; is the gap parameter
which should be temperature independent in ZrTes; accord-
ing to previous ARPES measurements [21]. Furthermore, in
ZrTes, only parts of the Fermi surface are gapped by the CDW
formation [21]. Therefore, part of the photogenerated carriers
may rapidly relax to the ungapped region of the Fermi surface
and relax via the normal electron-phonon thermalization pro-
cess. The two exponentially decaying components in Eq. (1),
with the faster one being present at all temperatures, likely
stem from the two relaxation channels.

The amplitudes of both exponentially decaying compo-
nents exhibit anomalies near Tcpw. In Fig. 2(c), Ay; is nearly
zero at high temperatures, and increases rapidly below Tepw.
Ay; are also enhanced in the CDW state [Fig. 2(d)], however,
they remain pronounced far above Tcpw. Compared to the
value at 10 K, Af; above Tcpw is about 40% of its low-
temperature value for Ey; || a and 80% for E,; || b, consistent
with the assignment of the fast decay component to the normal
relaxation processes in the ungapped regions. The relaxation
times ty; are on the order of ~100 fs, displaying no anoma-
lies near Tcpw, consistent with this scenario. The long-lived
signal C; also changes dramatically near Tcpw. This signal
may be in part related to the bolometric response as well as
to the localized in-gap carriers [13,14], whose contribution is
reduced above Tcpw, consistent with the pronounced drop in
C; at temperatures above Tcpw.

Previously, the anisotropic optical response to the CDW
gap formation was mainly studied by optical conductivity
measurement of the equilibrium state. Here, in quasi-1D sys-
tems, the electronic structures are highly anisotropic. The
Fermi-surface nesting happens between parts of anisotropic
Fermi surfaces which are highly dispersing along the direction
of the nesting vector qcpw and weakly dispersing along the
direction perpendicular to qcpw. When the nested parts of
Fermi surfaces are gapped out, the density of free carriers is
strongly reduced, and the gap feature in the equilibrium op-
tical conductivity is more prominent along the Fermi nesting
direction and is weak along the perpendicular direction. The
gap feature is observed in the low-frequency range, at energy
comparable to the CDW gap. In the near-infrared range, far
above the CDW gap, the changes in optical conductivity in-
duced by the CDW transition are very weak and are usually
not resolved in the equilibrium spectra.

In the optical pump probe experiment, however, owing
to the high sensitivity of the technique (here, small modula-
tions of the order of 107> can be routinely measured, while
the accuracy of the equilibrium spectroscopy is of the order
of 1072), one can measure the transient reflectivity changes
in the near-infrared range caused by the pump-induced gap
suppression and subsequent carrier relaxation. Our polarized
pump probe study, even at 0.95 eV (1300 nm) probe photon
energy, clearly demonstrates a profound anisotropic transient
optical response in the CDW state, where the E; || a signal
in the CDW state is about an order of magnitude larger than
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FIG. 3. (a) and (b) The oscillation part of transient reflectivity
change for E; || a and E, || b, with pump fluence ~60 uJ /em?,
Lines are vertically shifted for clarity. (c) and (d) correspond to the
fast Fourier transformation of the oscillation part for E;, || a and
E: || b, respectively. (e) The temperature dependence of the AM
peak frequency obtained by fitting the peak position in the FFT
spectra of (d). (f) The lifetime of AM oscillation for different probe
photon polarizations, obtained by fitting the time-domain oscillation.

for E; || b. At temperatures above Tcpw, however, the differ-
ence between the responses in the two probe polarizations is
quite small [see Figs. 1(a) and 2(d)]. We note that such an
anisotropy of the response in the CDW state should not be
taken for granted in quasi-1D CDW systems. For example,
in studies of Ky3MoOs, the anisotropy between the probe
polarizations along the chain or perpendicular to the chain
directions is quite weak (see the Supplemental Material in
Ref. [18]).

Figures 3(a) and 3(b) display the oscillatory component of
the spectra along two polarizations, obtained by subtracting
the fitted QP relaxation curve of Eq. (1) from the raw traces
in Figs. 2(a) and 2(b). Figures 3(c) and 3(d) present the cor-
responding fast Fourier transformation (FFT). Several distinct
modes are observed at around 0.47, 1.74, 3.5, 4.5, and 6.55
THz, among which the 0.47 THz mode, disappearing above
Tcpw, shows clear signatures of the amplitude mode. As the
temperature rises, the AM intensity decays and the mode soft-
ens [Fig. 3(e)], consistent with the Raman measurements [11].
Comparing the two polarizations, the AM oscillation intensity
for Ep; || @ is much stronger than that for E; || 5. The highly
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anisotropic AM intensity was also reported in a quasi-1D
CDW material (TaSey4),I, where the AM mode shows up only
with the probe photon polarized along the CDW axis [27].
Since the AM collective dynamics involves the oscillation of
the CDW gap [17,28], the larger AM amplitude for E; || a
implies that E, || a provides a much larger response to the
photoinduced variation of the CDW gap. This is consistent
with the larger QP relaxation signal for the probe polarized
along the a axis due to the gap formation below Tcpw, as
discussed in the preceding section.

The oscillatory AM signal can be described with a damped
oscillator

AROSC _ —1/TAM o3

T(f) = Apme sin(wamt + @), 2
where Aam, Tam, @am, and ¢ correspond to the amplitude,
lifetime, frequency, and phase. An interesting result of our
measurements is that the AM lifetime also exhibits anisotropy
[see Fig. 3(f)]: The lifetime is shorter for E; || a than for E,; ||
b. This difference can also be directly seen in the time-domain
traces, where the oscillations in Fig. 3(b) extend longer than in
Fig. 3(a). We discuss the possible origins of this observation
later.

We also studied the pump fluence dependence of the dy-
namics at 10 K [Figs. 4(a) and 4(b)]. By increasing the pump
fluence, the system will go from a linear, weak perturbation
regime to quenching the CDW state. This has been observed
in other CDW materials, showing that strong perturbation
leads to an ultrafast melting of the electronic order where
the gap is closed and the AM amplitudes saturate and even-
tually vanish [16,17]. In ZrTes, with increasing fluence, the
fast negative exponential increases monotonically, but be-
comes less anisotropic, as expected from the T-dependence
measurements. The slower positive exponentially decaying
component, which corresponds to the QP relaxation across
the CDW gap, also grows linearly at first but then fades
away [Fig. 4(b) inset]. Such changes of QP relaxation sig-
nals are consistent with ultrafast melting of the electronic
order. At high pump fluence, a broad hump appears on the
higher-frequency side of the AM peak in the FFT spectra,
which may be related to enhanced anharmonicity under strong
perturbation. Along with the melting of electronic order, the
AM oscillation gradually vanishes for Ep, || a [Figs. 4(c) and
4(0)]. Interestingly, for Ey; || b the AM oscillation exists up to
the highest fluences [Figs. 4(d) and 4(g)].

Generally, one would expect the amplitude mode to sat-
urate and subsequently disappear as the electronic order is
melted by high fluence, regardless of the probe photon po-
larization. Yet here, the AM oscillation for E, || b survives
to the highest fluence, with its amplitude and lifetime nearly
independent on fluence above ~100 wJ/cm? [Fig. 4(e)]. In
the following we discuss the possible origins that may be
responsible for the different fluence dependences of the AM
amplitudes between two probe polarizations, as well as the
different lifetimes shown in Fig. 3(f).

III. DISCUSSION

First, given the nonlinearity of the AM response, we
consider the influence of the mismatch between penetration
depths. The optical penetration depths are determined from
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FIG. 4. (a) and (b) The transient reflectivity change at different
pump fluences at 10 K, with E,; || a and E,, || b, respectively. The
inset of (b) shows the amplitude of the slower positive exponential at
different fluences. For E; || b we can only obtain a reasonable fitting
parameter Ay, below 179 uJ/cm?®. (c) and (d) The oscillation part
of the time-domain spectra of (a) and (b), obtained by subtracting
the fitted QP relaxation curve of from the raw traces in (a) and (b).
Data are taken from 2 ps to avoid the residual quasiparticle relaxation
signal which is not perfectly subtracted. (e) The fluence dependence
of the amplitude (upper panel) and lifetime (lower panel) of the AM
oscillation, obtained by fitting the time-domain oscillation spectra
with Eq. (2). Details about the fitting procedure are shown in the
Supplemental Material [25]. The shaded region in the upper panel
expected intensity range in the condition that the existence of the
AM signal at high fluence with E || b is purely induced by the
mismatch of penetration depth [25]. (f) and (g) The fast Fourier
transformation of the time-domain oscillation signal for different
probe polarizations.

the reported reflectivity data by Herr er al. [29], using a
Kramers-Kronig analysis [30]. The penetration depth at the
1300 nm probe wavelength is 28.2 nm for E,; || a and 89.2 nm
for Ep; || b while at the 847 nm pump wavelength it is 22.5 nm
for Eyy || @ and 47.8 nm for Ey, || b.

The large mismatch can thus be responsible for different
fluence dependences of the AM signal. Let us first con-
sider the fluence dependence of the response for the case,
where pump and probe mismatch is negligible, or when the
optical penetration depth is larger than that of the probe.
For weak perturbations, the amplitude of the AM signal is
usually linearly proportional with the pump fluence. Above
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the absorbed energy density corresponding to quenching the
electronic order, however, the signal will saturate [16] and
eventually disappear. Indeed, this scenario well accounts for
our observations with Ey; || a. For the case where the pump
penetration depth is shorter that the probe penetration depth,
i.e., for Ep; || b, however, the situation is more complicated.
Beyond the linear response regime, the high incident pump
fluence results in quenching of the electronic order in the
surface layer given by the pump penetration depth. However,
for the deeper regions (still probed by the probe), the absorbed
energy density is still below the CDW melting threshold,
resulting in a contribution to the reflectivity transient of the
perturbed CDW state. Indeed, our observations with Ey; || b
are qualitatively consistent with this scenario. For example,
the quenched surface region may be responsible for the broad
hump feature and broadened phonon peaks in the FFT spectra,
with the deeper, weakly perturbed regions giving rise to the
AM response far beyond the threshold seen in the Ep; || b
experiment.

In order to check this scenario, we performed a quantitative
analysis with the above model, presented in the Supplemental
Material [25]. The model, taking into account the optical
penetration length mismatch, is qualitatively consistent with
our experimental observations. However, after quenching of
the electronic order in the surface layer, by further increasing
the pump fluence, the volume fraction of the quenched CDW
state will increase, leading to a decrease of the AM signal
intensity. According to the model, the AM signal intensity
should drop faster with increasing fluence as compared to our
experimental results. The predicted dependence of the ampli-
tude of the AM is given by the dashed blue region in Fig. 4(e)
[25], showing that for fluences beyond 2100 wJ/cm?, the AM
signal intensity for Ey, || b should start to decay. However, the
measured AM signal intensity for E,, || b is nearly constant
and may even be increasing with increasing pump fluence.
Moreover, we note that the lifetimes of the AM oscillations in
Fig. 1(b) do not change much when switching the pump polar-
ization to from the a to b direction (Supplemental Fig. 2) [25],
even though the difference in the pump penetration depths
is about a factor of two. Thus, the penetration depth mis-
match may not be solely responsible for our observations. We
should note, however, that the nonlinearity of the AM signal
can be more complicated than our simple phenomenological
analysis. Also, the damped oscillator function may not be an
accurate model describing the AM behavior under nonlinear
conditions.

Given that the penetration mismatch can only resolve part
of the observed anisotropy of the AM response, next we
discuss an alternative scenario that may also (or in addition)
be responsible for the anisotropic fluence-dependent AM re-
sponse. We first note that the CDW order parameter comprises
electronic and lattice parts, and the amplitude mode involves
oscillation of the electronic gap [17,28,31] and the periodic
lattice displacements [32]. Usually, the two parts are con-
sidered to be adiabatically coupled due to electron-phonon
coupling. However, at least on timescales shorter that the AM
period, this assumption may be invalid [15,18]. First, in earlier
studies, different techniques have been utilized to probe the
ultrafast dynamics of the two components of the CDW or-
der. In TbTes, time-resolved photoemission demonstrated the

oscillation of the CDW gap at the ~2.4 THz AM frequency
[17,28]. Above ~1 mJ/cm?, the gap is closed by strong exci-
tation and the AM oscillation is no longer resolved. However,
the time-resolved x-ray diffraction study on TbTes; showed
that with 3 mJ/cm? fluence the superlattice peak intensity
still oscillates at the AM frequency [32]. In Ky 3Mo0Oj3, x-ray
studies suggest a critical fluence of 1 mJ/cm? for the col-
lapse of the superlattice [33], but an optical reflectivity probe
showed a critical fluence of ~0.3 mJ/cm?, where damping
and disappearance of the AM oscillation is observed [16].
Finally, at fluences much higher than those needed to collapse
the electronic order, a collapse and revival of the periodic
lattice modulation has been observed [33,34]. Thus, it can be
inferred that the nonequilibrium dynamics of the electronic
and lattice subsystems are not always strictly entangled [35].
Under strong perturbation, the electronic order is melted and
the CDW band oscillation vanishes (or become too small to
detect), but the lattice part may still display well-resolved
oscillatory dynamics. Such a disentangled dynamics may be
responsible for the observed anisotropy in the fluence depen-
dence of AM in ZrTes, as discussed below.

To describe this scenario, we first point out that transient
reflectivity probes both the CDW gap and lattice components
of the dynamical AM response, with different weights. The
weights may depend on the photon energy. For example, if
the probe frequency is close to the gap frequency, one is likely
to see the gap oscillation directly, but, if the photon energy is
near some interband transition at high energies, one can expect
a larger contribution from the lattice component. It should be
noted that the transient reflectivity does not directly detect
the ion motion, so the lattice oscillation is probed due to its
modulation of the interband transition, since the electronic
band positions and intensities of folded electronic bands are
oscillating along with driven atomic motion [15]. The weights
may also depend on photon polarizations. Here, the quasi-1D
system has a highly anisotropic electronic structure with large
anisotropy in the dielectric function up to the visible range
[29]. The anisotropic CDW gap affects the optical conduc-
tivities mainly along the a direction [24]. Given the large
difference of the signal amplitudes between the two polar-
izations in response to the variation of the CDW gap in our
transient reflectivity measurement, it is possible that coherent
AM oscillations observed in the a and b polarizations are
mainly related to the collective dynamics of the electronic and
lattice subsystem, respectively.

Such a scenario is consistent with our observed fluence
dependence of AM oscillation signals along the two probe
polarizations. At high fluence, the disappearance of the AM
signal for E; || a corresponds to the strong suppression of the
AM oscillations of the electronic gap, while the AM signal for
E,: || b corresponds to the vibration of the lattice part disen-
tangled from the electronic dynamics. This scenario may be
realized in ZrTe; given the fact that Ep; || a provides a much
larger response to the variation of the CDW gap, as shown
by the profound intensity of the quasiparticle relaxation and
the AM oscillation signals in this polarization. For E; | a,
the measured AM oscillation is dominated by the dynamical
evolution of the CDW gap. For E;; || b, the signal is weakly
sensitive to the variation of the gap, as well as to the inco-
herent hot electron dynamics near the Fermi level, so instead
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the response would be dominated by the lattice AM vibration.
Indeed, such a scenario agrees with the different amplitudes
of individual components to transient reflectivity in the two
probe polarizations—see Fig. 1(b). Here, for E, || a, the QP
exponential decay is very prominent, but for Ey; || b the signal
is dominated by the coherent AM oscillation.

IV. CONCLUSION

In summary, we use polarized femtosecond pump probe
experiments to investigate the nonequilibrium dynamical op-
tical response in ZrTe;. Profound anisotropy is observed with
respect to the polarization of probe photons. With E,; || a, the
spectra present a much larger response to the formation of a
CDW gap below Tepw as well as to the variation of the CDW
gap during AM oscillations. Interestingly, we observe that
the AM oscillation signal presents different damping lifetime
between Ep; || a and E, || b. Moreover, the AM oscillation
signal for E,; || b is seen to persist to a much higher pump
fluence than for Ej; || a. While the results may be attributed

to the anisotropy of the pump and probe penetration depths,
they may also be linked to the disentangled collective dy-
namics of electronic and lattice parts of the order parameter.
Although numerous optical pump probe measurements have
been performed on low-dimensional CDW materials, our re-
sults suggest that additional spectrally resolved studies may
further our understanding of the cooperative phenomena in
CDW materials as well as correlated materials in general.
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