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High-resolution time- and angle-resolved photoemission measurements were conducted on the topological insulator
ZrTes. With strong femtosecond photoexcitation, a possible ultrafast phase transition from a weak to a strong topological
insulating phase was experimentally realized by recovering the energy gap inversion in a time scale that was shorter than
0.15 ps. This photoinduced transient strong topological phase can last longer than 2 ps at the highest excitation fluence
studied, and it cannot be attributed to the photoinduced heating of electrons or modification of the conduction band filling.
Additionally, the measured unoccupied electronic states are consistent with the first-principles calculation based on experi-
mental crystal lattice constants, which favor a strong topological insulating phase. These findings provide new insights into
the longstanding controversy about the strong and weak topological properties in ZrTes, and they suggest that many-body
effects including electron—electron interactions must be taken into account to understand the equilibrium weak topological

insulating phase in ZrTes.
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1. Introduction

Significant research has been devoted to investigating
topological materials and understanding the transitions among
different topological phases, since it can broaden the under-
standing of new states of matter and have potential applica-
tions in electronic and spintronic devices. Transitions between
topologically non-trivial and trivial states can be induced by

1.2] magnetic fields,>*! pressure, >

applying external strain, !
thermal lattice expansion,!”) and chemical doping.[®'!1 The
optical manipulation of topological phase transitions has re-
cently garnered significant attention because of its scientific
and practical significance. Various theoretical studies have
explored the possibility of optically driven topological phase

[12-211 However, experimental

transitions in different systems.
realization of the optically driven topological phase transitions
is quite challenging because of the lack of suitable platforms.
The quasi-one-dimensional material ZrTes has a layered
orthorhombic crystal structure with a space group of Cmcm
(Fig. 1(a)). This material gained attention due to an anomalous
resistance peak at a specific temperature, which was accompa-

nied by a sign change in thermopower.?>23! It was predicted
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to be a three-dimensional topological insulator (TI) near the
phase boundary between a strong topological insulator (STI)
with gapped bulk bands and surface states on every surface,
and a weak topological insulator (WTI) with surface states
only on side surfaces.[?*! Subsequent experimental work has
shown considerable discrepancies regarding the topological
properties of the electronic states, which can exhibit the be-
havior of STI,[25:261 WTIL,[27-30]1 or a4 Dirac semimetal.[3!-3!
Recently, the identification of the three-dimensional quantum
Hall effect confirmed the presence of nontrivial topological

[36] However, the WTI behavior was

electronic states in ZrTes.
inconsistent with calculations based on the experimental lat-
tice structure but consistent with the slightly expanded (cal-
culation optimized) lattice constants instead.!?*?8] These dis-
crepancies may result from various experimental conditions,
including the measuring temperature, sample strain, and dop-
ings, which suggests the potential tunability of the topological
phase in ZrTes. The topological phase transitions in ZrTes can

e37] and applying an ex-

be realized by tuning the temperatur
ternal magnetic field,*®! pressure,**! and strain.[***!] Along

with these equilibrium methods, phase transitions at ultrafast
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time scales can be induced by ultrafast laser excitation through
light-matter interactions. Such topological phase transition
triggered by the photoinduced coherent phonon modes or
atomic motion in ZrTes has been experimentally and theo-
retically proposed,?%4>#3] but the direct measurement of the
electronic structures during this intriguing phenomenon re-
mains lacking. Searching for electronic evidence of the pho-
toinduced topological phase transition and establishing the un-
derlying ultrafast phase transition physics are important to the
field.

In this paper, we present signatures of an ultrafast pho-
toinduced phase transition in ZrTes from a weak to a strong
topological insulating phase investigated by time- and angle-
resolved photoemission spectroscopy (TRARPES). In partic-
ular, this topological phase transition was characterized by a
photoinduced energy gap inversion, and the non-equilibrium
STI phase could last for over 2 ps at the highest pump flu-
ence studied. Interestingly, the precisely characterized un-
occupied states were consistent with the bulk bands of the
STI phase from first-principles calculations based on the ex-
perimental crystal lattice constants, although the experimen-
tal equilibrium states favor a weak insulating behavior. The
observed manipulation of the topological phase cannot be ex-
plained by the photoinduced heating of electrons or modifica-
tion of the conduction band (CB) filling from first-principles
calculations. Rather, the screening of Coulomb interactions
by photoinduced charge carriers may drive the phase transi-
tion, which indicates that many-body effects, including strong
electron—electron interactions, may play crucial roles in estab-
lishing the weak topological insulating phase in ZrTes.

2. Methods

The TRARPES experiments were performed on a home-
built TRARPES system!*4#3] using a 1.77-eV infrared laser
as the pump beam and a 6.05-eV ultraviolet laser as the probe
beam. The measurements were conducted with a repetition
rate of 250 kHz, and the spot sizes on the sample of the pump
and probe beams were approximately 90 pm and 23 pm, re-
spectively. The best overall time resolution and energy res-
olution of the setup were approximately 113 fs and 16 meV,
respectively. It is noteworthy that a high probe photon flux
was used in the time-delay measurements to reach reasonable
photoemission count rates and the estimated energy resolution
was about 60 meV due to the presence of the space charge ef-
fect. High-quality single crystals of ZrTes were grown using
the chemical vapor transport method. The sample was cleaved
at 25 K in an ultrahigh vacuum with a base pressure better
than 3x 107! Torr. The energy shifts induced by the space
charge and surface photovoltage effects during the photoemis-
sion process were corrected as discussed in the supplemental
material, discussion No. 1.

3. Results
3.1. Unoccupied states

With improved time and energy resolutions, we could
clearly identify the occupied and unoccupied electronic states
of ZrTes around the I point near the time of 0 with a pump
fluence of 100 pJ/cm?.
at binding energies from —0.2 eV to 0 eV were consistent

The constant-energy maps taken

with previous reports, which show that the curved rectan-
gle contour that corresponds to the valence band (VB) grad-
ually shrinks to a small point!**3% (Fig. 1(b)). The mea-
sured band structure above the Fermi energy along I'-X (k)
from approximately —0.3 eV to 0.8 eV matched the first-
principles calculation based on the experimental lattice con-
stants (Fig. 1(c), supplemental material, discussion No. 2).
By contrast, the calculated band structure based on the op-
timized lattice constants clearly deviated from the experi-
mental unoccupied state for the conduction band near the
Fermi energy and the band near the momentum +0.1 A~!
and 0.4 eV above the Fermi energy (Figs. 1(c) and 1(e)).

(@) ]| Frope e (b) Low [ High

Binding energy (eV)

—0.15 0 0.15
k. (A1)

—0.15 0 0.15
k. (A1)

—0.15 0 0.15
k. (A1)

Fig. 1. (a) A schematic of the TRARPES experimental setup, crystal struc-
ture, bulk Brillouin zone, and projected (010) surface Brillouin zone of ZrTes.
The polarizations of the pump and probe beams are both perpendicular to the
a axis of the crystal. (b) Constant-energy mappings at different energy cuts
from —0.2 eV to 0.25 eV. (c) Band structure measured along '-X (k,) as
indicated by the black line in (b) and the calculated bulk bands based on the
experimental lattice constant plotted on top of the spectra with an offset of
—0.04 eV. The spectra in (b) and (c) were measured at a delay time near time
0 with a pump fluence of 100 wJ/cm?. The intensities were normalized to
the height of the momentum distribution curve to better illustrate the unoc-
cupied states. (d) Same as (c) but measured with a moderate pump fluence of
25 ul/em?. (e) Calculated bulk bands for the STI (black curves, experimen-
tal lattice constant) and WTI (red curves, optimized lattice constant) with an
offset of —0.04 eV.
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The band structure measured with a moderate pump fluence of
25 wl/ecm? exhibited similar characteristics, generally aligning
well with a STT (Fig. 1(d)). We note that the calculations were
performed based on density functional theory (DFT) with the
spin—orbit coupling effect and k, effect. The measurement of
the unoccupied band structure indicates that the experimental
lattice configuration of ZrTes favors a STI, but many recent
experiments have suggested that it is a WTI instead. [?8-30:40]
To resolve this controversy, we performed ultrafast dynamics
measurements on the electronic states near the Fermi energy
in ZrTes, and we elaborate on this below.

3.2. Temporal evolution

After the pumping with an intense fluence of 125 pJ/cm?,
the CB and VB near the Fermi energy moved toward each
other and a nominal negative energy gap of approximately
—20 meV appeared at 0.15 ps and such negative energy gap
lasted longer than 2 ps after photoexcitation and the nomi-
nal gap became positive at a longer delay time of 3.15 ps
(Figs. 2(a) and 2(d)). The excited CB bottom remained re-
solvable up to 3.15 ps, and the extracted energy gap was ap-
proximately 40 meV, which is qualitatively consistent with
previous equilibrium experiments.[?>#0-461 After the pumping
with a moderate fluence of 25 uJ/cmZ, the CB and VB main-
tained a significant gap of approximately 10 meV at 0.15 ps,
and they gradually separated at longer delay times (Fig. 2(c)).
The observed shrinkage of the energy gap after photoexci-
tation can be explained by the combined effects of the in-
creased electron velocities and shifts of the CB and VB bands
(Fig. 2(b)). All the CB bottom (CBB) and VB top (VBT)
were extracted by linearly extrapolating the dispersion derived
from the momentum distribution curves (MDCs) between the
same momentum (£0.032 A~! and +0.022 A~! for the CB
and £0.036 A~! and £0.02 A~! for the VB, respectively).
This method for estimating the energy gap was widely used
in previous reports.3%4?1 We note that the fitted momenta of
the CBB and VBT are offset and not at zero momentum. This
is probably due to the fact that the constant-energy contour is
not symmetric in all directions, and there was a slight mis-
alignment in the tilt angle and in-plane angle, accompanied by
a fitting error.

According to the observed indicators of photoinduced in-
version of the energy gap, it is reasonable to conclude that
strong photoexcitation potentially drives an ultrafast phase
transition from the weak topological insulating phase to the
underlying strong insulating phase in ZrTes. This conclusion
is supported by several factors: 1) previous experiments have
shown evidence of an equilibrium weak topological insulat-
ing phase; 2’301 2) calculations based on experimental lattice
constants suggest a strong insulating behavior, since the calcu-
lated electronic structure very well matches the experimental

unoccupied states (Fig. 1(c)); 3) a negative bulk energy gap in

a strong insulating phase has been predicted by various previ-

ous theoretical works, [20:24:40.41.43]
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Fig. 2. (a) Near-Fermi-energy electronic structures measured with the
pump fluence of 125 pJ/ecm? at 0.15 ps, 1.15 ps, and 3.15 ps. The thick
blue lines denote the band dispersions extracted from the peak positions
of the momentum dispersion curves. The white lines are the fittings to
the linear functions. The fitted momenta of the CBB and VBT are offset
and not at the zero momentum possibly due to slightly misaligned sam-
ple orientation. To improve the statistics of the data above the Fermi
energy, the spectra were averaged within a time window of 0.4 ps when
extracting MDCs of the CB. (b) The average MDC dispersions of the
CB and VB at 0.15 ps and 3.15 ps. (c) Energy position of the CBB
and VBT as a function of the delay time with the pump fluences of
25 ul/em? and 125 wl/cm?, which was estimated by linearly extrapo-
lating the high-energy dispersion. (d) Nominal gap size from the energy
difference between CBB and VBT at different pump fluences as a func-
tion of the delay time.

3.3. Fluence dependence

The critical pump fluence for the observed gap inversion
behavior was determined by conducting fluence-dependent
measurements of the energy gap between CB and VB with
better data quality. At a delay time of 0.25 ps, a positive en-
ergy gap was observed for the pump fluence of 25 pJ/cm?,
while the gap was closed or even negative for higher pump
fluences of 80 pJ/cm? and 140 wl/cm? (Fig. 3(a)). Consider-
ing that the energy gap size might be underestimated by lin-
early extrapolating the dispersions, we applied a more com-
plex model to fit the MDC dispersions (supplemental material,
discussion No. 3). The results also yielded a fully closed gap at
a high pump fluence immediately following photoexcitation.
The pump-induced large downshift of the CB can be also indi-
cated by the enhanced absolute Fermi velocity (6.8x10° m/s
and 8.8 10° m/s at the fluences of 25 pJ/cm? and 140 pJ/cm?,
respectively) (Fig. 3(b)). The energies of the CBB and VBT
as functions of the pump fluence clearly indicated an energy
gap inversion around 60 pJ/cm? at 0.25 ps (Fig. 3(c)). The
critical pump fluence was also observed in the extracted en-
ergy gap as a function of the pump fluence for the delay times
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of 0.65 ps, 1.15 ps, and 2.15 ps but absent for delay times at
5.15 ps (Fig. 3(d)). Although the fluence resolution was re-
duced during the experiments to obtain reasonable statistics
for the MDC dispersion analysis in the unoccupied states, the
critical pump fluence remained higher at longer delay times,
which suggests that the observed energy gap is potentially
related to the photoinduced non-equilibrium charge carriers,
which should exponentially decay as a function of the delay
time. The photoinduced shrinkage of the energy gap saturated
above about 120 uJ/cm2 at 0.25 ps (Figs. 3(c) and 3(d)), giv-
ing a fully inverted gap of about 35 meV.

- 25 pJ/CmQ‘
(a) 25 pJ/cm? 80 pJ/cm? 140 uJ/cm?  (b) 140 uJ/em?
T , T ligh O1°
014 & : r
—~ | 0.1+
% ‘
~ 0 Low (.05
n i —0.1
D —0.1
8 —0.15
—0.2
—0.1 0 0.1 0 —0.1 0 0.1 0.02 0.04
k, (A1) k, (A1) ky (A-1) k, (A1)

I
0 60 120

Fluence (pJ/cm?) Fluence (pJ/cm?)

Fig. 3. (a) Non-equilibrium electronic structures of ZrTes measured
along k, at 0.25 ps with pump fluences of 25 pJ/cm?, 80 pJ/cm?, and
140 (J/cm?. (b) The average MDC dispersions of the CB and VB with
pump fluences of 25 pJ/cm? and 140 uJ/cm? at 0.25 ps. (c) Energies of
the CBB and VBT as functions of the pump fluence at 0.25 ps. (d) The
fluence-dependent bulk gap sizes estimated by linearly extrapolating
the MDC dispersions measured at different delay times as noted by the
numbers. Each curve is offset by 50 meV vertically. The CB cannot be
resolved clearly below 50 pJ/cm? at 5.15 ps. The gray and red shaded
areas indicate the positive and negative gaps, respectively.

4. Discussion

Several possible mechanisms for the experimentally ob-
served optical manipulation of the topological phase can be
excluded. During the photoexcitation process, the electronic
temperature (7;) can be temporarily heated to thousands of de-
grees due to electron—electron scattering for the pump photon
energy and fluence in the experiments. However, the effect of
T on the phase transition can be excluded because the bulk gap
size only slightly increased from 60 meV to 73 meV when the
electronic temperature was increased from 300 K to 6000 K,
as shown in the calculated near-Fermi-energy band structures
in Figs. 4(a) and 4(b).
low temperature to 6000 K demonstrated that the electronic-

Additional calculations from very

temperature-driven energy gap monotonically increases when

T: increases (Fig. 4(b)), which contradicts these experimen-
tal observations. Then, we altered the occupancy of the VB
and CB as an analogy of the excited state of the system to
calculate the bulk energy gap as a function of the occupation
rate (R,) (Figs. 4(c) and 4(d)). However, the gap size is only
reduced by a few meV up to R, of 40%. For the pump flu-
ences in the experiments, the estimated photoinduced change
in occupancy was less than 2%, which is far from driving the
tens-meV change in the energy gap observed in the experi-
ments. In addition, specific coherent phonon modes can in-
duce a phase transition between STI and WTI states, 2042431
but the magnitude of the energy shift induced by the coherent
phonon mode of 1.2 THz was less than 3 meV (supplemental
material, Fig. 5), which is much smaller than the photoinduced
energy gap change in Figs. 2 and 3. Moreover, the observed
gap inversion behavior is unlikely to be attributed to the sur-
face photovoltage effect, given its usual duration of several

[47

tens of picoseconds.*” Finally, it cannot be a result of atomic

motions in the crystal lattice, since the atomic position is al-

most unchanged in this short timescale of picoseconds.4?!
300 K 6000 K
0.3 b) 75
(i) 02 e AVARVIIRR
2 ond 0.3 T
& '0 4 60JmeV | 02—  73Tmev E 654
- T =}
Q\J g 0.1+ S 60—
70»1 — -
-0 1 x ST T T T TTT
01 0 01 —01 0 0.1 0123456
Ky (A1) ke (A1) T, (10° K)
(©) 0.3 ——plo_ 0.3 40% (d) 60
= 02 N 02 e
o
~ 0.1 0.1 g 56
= N N ~—"
[’f 0 — 0 ~ 54—
A 1 53mev| &
R_p1- OSUmeV i g V| O os2
—0.2 : ~0.2 : 50 ——
—01 0 01 —01 0 0.1 0 10 20 30 40
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Fig. 4. (a) Calculated band structures in the STI case for electronic
temperature 7. at 300 K and 6000 K. (b) Gap size at I" as a function
of T;. (c) Calculated band structures in the STI case for different occu-
pation rates (R,) in CBs at 1% and 40% at O K. The band splitting for
R, = 40% results from the enhanced spin—orbit coupling by increasing
R,. (d) Gap size as a function of R,.

The existence of non-negligible Coulomb interactions
may play a crucial role in establishing the WTI phase, since
in a Dirac system, spontaneous electron-hole pair formation
through Coulomb interactions is favored due to the Dirac
electron-hole symmetry.[*8-0) Indeed, recent nuclear mag-
netic resonance studies on ZrTes have shown evidence of ex-

(511 The previously ob-

citon formation near the Fermi energy.
served WTTI characteristics in equilibrium studies on ZrTes
may occur because a sizable Coulomb interaction breaks the
energy gap inversion, although the experimental lattice con-
stants favor an STI based on the first-principle calculation.

In this context, we propose that upon photoexcitation, the

017901-4


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0d9d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0d9d

Chin. Phys. B 33, 017901 (2024)

photoinduced non-equilibrium charge carriers strengthen the
screening of Coulomb interactions, as observed in TiSe,, 152.53]
GaAs,P* and Ta,NiSes, ! and the inverted energy gap and
associated STI can be restored above the critical pump fluence,
where photoinduced non-equilibrium charge carriers can suf-
ficiently screen the possible electron—-hole interaction. How-
ever, additional theoretical studies with sizable Coulomb in-
teraction or other many-body effects considered are necessary

to confirm this picture.

5. Conclusion

In conclusion, we have investigated the ultrafast elec-
tronic dynamics of ZrTes and provided evidence of an opti-
cal manipulation of its topological phase. Such an ultrafast
phase transition is not only physically interesting but also has
potential novel applications in the future high-speed electronic
devices. The photoexcited charge carrier screening appears to
be a plausible mechanism for this phase manipulation. More-
over, our findings provide new insights into the longstanding
controversy regarding the strong and weak topological proper-
ties in ZrTes. Many-body effects including electron—electron
interactions may have driven ZrTes out of the strong topologi-
cal insulating phase that the first-principles calculations based
on experimental lattice constants predict, which results in a
weak topological insulating phase.
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