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Manipulating emergent quantum phenomena is a key issue for understanding the underlying physics and contributing
to possible applications. Here we study the evolution of insulating ground states of Ta; Pd3 Tes and Tay NizTes under in-situ
surface potassium deposition via angle-resolved photoemission spectroscopy. Our results confirm the excitonic insulator
character of Tap,Pd3Tes. Upon surface doping, the size of its global gap decreases obviously. After a deposition time of
more than 7 min, the potassium atoms induce a metal-insulator phase transition and make the system recover to a normal
state. In contrast, our results show that the isostructural compound Ta;Ni3Tes is a conventional insulator. The size of its
global gap decreases upon surface doping, but persists positive throughout the doping process. Our results not only confirm
the excitonic origin of the band gap in Ta;Pd3Tes, but also offer an effective method for designing functional quantum
devices in the future.

Keywords: excitonic insulator, metal—insulator phase transition, surface doping, angle-resolved photoemis-

sion spectroscopy
PACS: 74.25.Jb, 79.60.—, 71.35.—y, 71.30.4+h

1. Introduction

Correlated systems exhibit a range of exotic phenomena
due to complex many-body interactions. These include high-
temperature superconductivity, charge density wave, heavy
fermions, and so on. A profound understanding of these phe-
nomena is crucial in condensed matter physics. Furthermore,
manipulating exotic quantum phenomena can establish the ba-
sis for designing functional devices. A notable case in this
realm is the excitonic insulator (EI), emerging from electron—
hole Coulomb interactions. In materials like semiconductors
with small bandgap or semi-metals with small band overlap,
excitons can spontaneously form and condense at finite tem-
perature, stabilized by the Coulomb interactions between elec-
trons and holes and open a gap around Fermi level (Eg).[!™ In
the scenario of Els, the insulating ground state is particularly
sensitive to the concentration of charge carriers. An increase in
charge carriers will effectively enhance the screen effect of the
Coulomb interactions and make the excitons unstable,>%1 ag
manifested in the reduction of the band gap. If the number of
charge carriers is sufficiently large, the system will transform
into normal semiconductor/semimetal states. Therefore, car-
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riers doping offers an effective way to manipulate the ground
state of EI and induce phase transitions.

To date, only a few intrinsic materials have been pro-
posed as candidates for EI, such as 17-TiSe,!'*-!6! and
Ta,NiSes.17-23] And their insulating ground states can be sig-
nificantly manipulated by surface or bulk doping.>?4-2% Re-
cent studies suggest that a new material, TapPd;Tes might be

27291 First-principles calculations show

another EI candidate. !
that Ta,Pd;Tes has a semi-metallic band structure with a small
band overlap, whereas angle-resolved photoemission spec-
troscopy (ARPES) and scanning tunneling spectroscopy (STS)
measurements reveal an insulating state with a global gap
around the Fermi level (EF) at low temperatures. A closer ex-
amination involving the consideration of inter-band electron—
hole interactions in theoretical models aligns well with these
experimental observations. This alignment suggests that the
exciton condensation could be the driving force behind the
observed insulating state. Meanwhile, ARPES measurements
also provide evidence for gap closing via thermal activation,
pump laser pulses or bulk chemical doping, which is also
consistent with the EI scenario. In contrast, TayNi3Tes, an
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isostructural compound to TayPd;Tes is predicted to be a con-
ventional semiconductor.*”) Consistent with this prediction,
ARPES measurements show that the band structure has neg-
ligible differences at various temperatures. Ta,Pds;Tes and
Ta,NisTes share the same crystal structure with Ni and Pd be-
longing to the same group in the periodic table. However, they
exhibit distinct electronic properties motivating us to investi-
gate their evolution under surface doping.

In this work, we successfully induced a metal—insulator
phase transition in TayPds;Tes via surface alkali metal dop-
ing, while no such transition occurred in Tap;NizTes. Uti-
lizing ARPES, we first confirmed that both Ta,Pd;Tes and
Ta;NiszTes have an insulating ground state with a global band
gap. Upon gradual surface potassium doping, we observed no-
table shifts of both the conduction band (CB) and valence band
(VB) shifted towards higher binding energies in Ta;Pd3Tes,
resulting in a narrowing of the band gap. In addition to the
effects of chemical potential shift, this behavior may be at-
tributed to exciton instability together with the Stark effect.
The CB and VB in TayPd;Tes cross with each other at a suf-
ficient potassium dose, resulting in a gapless semi-metallic
state. In TapNizTes, both CB and VB also shift towards higher
binding energies upon gradual surface potassium doping. Al-
though the band gap decreases, it persists throughout the dop-
ing process. The contrasting responses to surface doping be-
tween TayPds;Tes and its isostructural compound Ta;NizTes
not only confirm that Ta;Pds;Tes possessed an excitonic in-
sulating ground state, where additional carriers will enhance
the screen effect of the Coulomb interactions between elec-
trons and holes, leading the system recover to a normal semi-
metallic state, while Ta;Ni3Tes is a conventional semiconduc-
tor without any exciton condensation. These findings also of-
fer an effective method for manipulating the insulating states
or inducing metal—insulator phase transition in Ta;Pd;Tes,
which could be utilized to design functional quantum devices
in the future.

2. Material and methods

High-quality single crystals of Ta;Pd3Tes (or TayNizTes)
were synthesized by a self-flux method. Starting materials of
Ta (powder, 99.999%), Pd (or Ni) (bar, 99.9999%) and Te
(lump, 99.9999%) were mixed in an Ar-filled glove box at
a molar ratio of Ta:Pd (or Ni):Te = 2:4.5:7.5. The mixture
was placed in an alumina crucible, which was then sealed in
an evacuated quartz tube. The tube was heated to 950 °C over
10 h and dwelt for 2 d. Then, the tube was slowly cooled down
to 800 °C at a rate of 0.5 °C/h. Finally, the extra flux was re-
moved by centrifuging at 800 °C. After centrifuging, the black
and shiny single crystals of Ta,Pds;Tes (or Ta;NizTes) were
picked out from the remnants in the crucible.

Laser-based ARPES measurements were performed at the
Institute of Physics, Chinese Academy of Sciences using a

Scienta Omicron DA30-L analyzer. The photon energy was
6.994 eV, generated by second harmonic generation using a
KBBF crystal. The s or p linear polarized mode of the laser
could be switched by placing a half-wave plate on the light
path or not. The overall energy resolution was ~ 2 meV and
the angular resolution was ~ 0.2°. Synchrotron ARPES ex-
periments were conducted at the Dreamline beamline at the
Shanghai Synchrotron Radiation Facility. The overall energy
resolution was ~ 15 meV. The EF of all experiments was ref-
erenced by measuring the Fermi edge of a polycrystalline gold
which has been sputtered by Ar ions in advance. All the
samples prepared for ARPES were cleaved in-situ and mea-
sured in an ultrahigh vacuum with a base pressure better than
7 x 10~ Torr. Surface doping was achieved via potassium
deposition conducted in-situ using a SAES alkali metal dis-
penser. The deposition process was repeated multiple times
with a working current of 6 A, and the doping level was rep-
resented using the total deposition time. For each doping step,
the time for ARPES data collection was set to be approxi-
mately 25 min and the sample temperature was maintained
at 20 K to prevent desorption of potassium adatoms from the
sample surface. First-principles calculations were performed
within the framework of DFT using the projector augmented
wave (PAW) method, as implemented in the Vienna ab ini-
tio simulation package (VASP). The modified Becke—Johnson
(MBJ) functional was selected to describe the exchange poten-
tial.

3. Results and discussion

The compound of TayPdsTes (or TayNiszTes) crystalizes
in an orthorhombic crystal structure with the space group
Pnma (No. 62), the lattice constants are a = 13.953 (or
13.866) A, b = 3.704 (or 3.692) A, and ¢ = 18.599 (or
17.689) A. The crystal structure is shown in Fig. 1(a). Each
unit cell consists of two TapPd;Tes (or Ta;NizTes) mono-
layers stack along the a-axis through weak van der Waals
forces. Within each monolayer, Ta and Pd (or Ni) form one-
dimensional (1D) chains along the b-axis, which are sand-
wiched by Te layers. The natural cleavage plane is the (100)
plane. Figures 1(c) and 1(d) show the density functional theory
(DFT) calculated band structure of Ta,Pd;Tes and TapyNisTes,
the quasi-1D crystal structure makes the dispersion along I'—
Y most obvious in these two materials. Ta,Pd;Tes exhibits a
semi-metallic band structure with a small band overlap of VB
and CB, approximately 42 meV, whereas TayNi3Tes displays
a semiconductor-like band structure with a global band gap of
around 31 meV. In our previous study, Ta,Pd3Tes is proposed
to be an EI candidate with a global gap at a temperature be-
low 300 K.[*7! Furthermore, as the temperature increases, the
CB shifts downwards while the VB shifts upwards, causing
an obvious reduction of the band gap. The system eventually
evolves into a band structure with nearly zero gap with linear
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dispersion at 300 K. In contrast, ARPES experiments demon-
strate that Tap,NizTes has a semiconductor-like band structure,
which is consistent with the DFT calculation. As the tem-
perature increases, the VB of Ta;Ni3Tes undergoes negligible
changes except for thermal broadening.?®! Having drastically
different properties while sharing the same structure motivates
us to investigate their different evolution under surface alkali
metal doping.

First, we examine their band structure. Figure 2 displays
intensity plots of ARPES data of Ta;Pd3;Tes and Ta;NisTes
along 'Y under different experimental conditions. Due to
the limited thermal broadening, the CB is not visible for both
Ta,yPd;Tes and TapNizTes under s and p polarization at 20 K.
At 120 K, the CB is visible for Ta;PdsTes after dividing the
data with the Fermi—Dirac distribution function under p po-
larization. However, the CB remains invisible for TayNizTes
under both s and p polarization at 120 K. In fact, we have tried
to visualize the CB of Ta;NizTes by performing experiments
at 300 K, but the CB is still invisible. This may be because
the CB of TapNi3Tes is relatively far away from Ep, combined
with the consequence of a relatively low spectral weight. We
believe the DFT calculations in Fig. 1(d) underestimate the gap
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size of TapyNi3Tes. However, these data can confirm that both
TayPds;Tes and TapNizTes have an insulating ground state,
which is consistent with previous study. Given that the CB of
TayPdsTes is visible due to the thermal broadening effect, we
also test the orbital component of CB via synchrotron-based
ARPES at high temperatures. In a non-interacting regime, the
CB of TayPd3Tes originates from the Ta-d» orbital. Then, it
will hybridize with Pd-d,, and Te-p, orbitals when considering
inter-band electron-hole interactions. Therefore, we perform
photon energy (hv)-dependent ARPES measurement at 150 K
to test the orbital components of CB. For transition metal com-
pounds, when AV is tuned to the binding energies of p orbitals,
the spectral intensities of the bands originating from d orbitals
will be suppressed due to p—d antiresonance. *'-** Figure 2(d)
displays the hv dependence of the spectral intensities at a con-
stant energy of 0.02 eV above Ef at I'. Except for the sig-
nificant suppression corresponding to Ta Sp3/, and Sp;, or-
bitals, the spectral intensities also show dip and kink features
corresponding to Pd 4p3; and 4p; /, orbitals, as indicated by
the black arrows. This demonstrates the existence of band hy-
bridization of TayPd3Tes in its insulating state, confirming the
excitonic origin of the band gap.
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Fig. 1. Calculated band structure of TayPd;Tes and Ta;NizTes. (a) Crystal structure of TayPd;Tes/TayNizTes. (b) Bulk and (100) surface
Brillouin zone (BZ) of TapPd3Tes/TayNi3 Tes. Calculated band structure of (c) Ta;PdsTes and (d) TayNi3Tes along high-symmetry lines by DFT

using the MBJ functional, respectively.

We then proceed to deposit potassium on the cleaved sur-
face of TayPd3;Tes and Tap;NizTes. Considering that both VB
and CB are observable under p polarization for Tay;PdsTes,
we choose p polarization as the experimental setup and set
the temperature at 20 K to avoid the desorption of potassium
adatoms from the sample surface. Figure 3 shows the evo-
Iution of the band structure of TayPd;Tes at various surface
potassium doping steps. At the very beginning, the CB is in-

visible due to the limited thermal broadening. After deposition
of 2 min, the VB shifts downwards a little to higher binding
energy and the CB bottom becomes observable, yet the band
structure around I” remains a gapped feature. Upon further de-
position, the CB shifts downwards continuously and another
electron band also appears above CB at a deposition time of
7 min. Moreover, the gap size at I is observably reduced com-
pared to the doping step of 2 min (see Fig. 5(a) for compari-
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son). We believe that the shift of VB and CB arises from three
different reasons. First, the injection of excess electrons pro-
vided by alkali metal atoms leads to an upward shift in chemi-
cal potential, this will make both VB and CB shift downwards
to higher binding energy. Second, excess charge carriers effec-
tively enhance the screen effect of the Coulomb interactions
and make the excitons unstable, leading to the reduction of the
band gap. Lastly, the deposition of alkali metal atoms on the
surface will introduce an extra electric field, making VB and
CB shift in opposite energy directions to each other, known as
the Stark effect. 53337 Therefore, the shift of the CB and VB
is not solely the effect of exciton instability, but the existence
of the band gap still indicates the presence of remaining exci-
ton condensation. After deposition of 9 min, the direct band
gap at I is almost zero, and the dispersions around I" change
from parabolic to linear. Then at a deposition time of 11 min,
the CB and VB cross each other, resulting in a semi-metallic

band structure. This means that a metal-insulator phase tran-
sition occurs between 9 min and 11 min of deposition. The
curvature intensity plots!*3! of the ARPES data in Fig. 3(b)
provide a clearer depiction of the evolution of the doping pro-
cess. The red dashed line in the rightmost panel is the lin-
ear extrapolated CB, which indicates that the bottom of CB
lies well under the top of CB. Our results further confirm the
existence of spontaneous exciton condensation in Ta;Pd3Tes
and demonstrate that Ta,Pd;Tes is sensitive to the concentra-
tion of charge carriers. Excess charge carriers provided by
sufficient potassium dose successfully screen the Coulomb in-
teractions between the parried electrons and holes and make
the system recover to a normal semi-metallic state. It is also
worth noting that the band overlap after potassium deposition
for 11 min cannot reflect the real band overlap of the normal
state of TapPd;Tes due to the Stark effect.

(a) p pol. s pol. (b) (f\) ppol. 150 K
20 K 20 K . > 0—fccZ3mEcccc]
= <L e
o =
= B\J 0.2
| S
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S — <o
BS"‘ g 5 Ta Ta 307:?(:3)50
| £
8 i
. — T T .
—-0.2 O 0.2 —-0.2 0 0.2 —-0.2 0 0.2 -0.2 O 0.2
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Fig. 2. ARPES spectrums under different experimental conditions. (a) Intensity plots of the ARPES data of Ta;Pd3Tes along I'—¥ under p and s
polarized lights at 20 K and 120 K. For clarity, the data at 120 K are divided by the Fermi—Dirac distribution function to visualize the CB bottom
above Eg. (b) Similar to panel (a) but for TayNi3Tes. (c) Intensity plots of the synchrotron-based ARPES data of Ta,Pd;Tes along I'-Y with
hv =25 ¢V at 150 K. (d) hv dependence of the spectral intensities at constant energy indicated by the black dashed lines in the inset and panel (c).
Inset: intensity plot of the ARPES data at I” with varying Av at 150 K. The spectral intensities are normalized by photon flux.
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Fig. 3. Surface doping evolution of the band structure of TaPd3 Tes. (a) Intensity plots of the ARPES data along I"'-Y at different surface doping
steps, all data were collected with p polarized laser at 20 K. (b) Curvature intensity plots of the data in panel (a).
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Fig. 4. Surface doping evolution of the band structure of Ta;Ni3Tes at different steps. (a) Intensity plots of the ARPES data along 'Y at
different surface doping steps, all data were collected with p polarized laser at 20 K. (b) Curvature intensity plots of the data in panel (a).
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Fig. 5. Comparison of the band structure at different surface doping steps
of TayPd3Tes and TapNi3Tes. (a) Band dispersions of Ta;Pd;Tes deter-
mined by tracking the highest intensity values in Fig. 3(b) at different
total deposition times. (b) Schematic diagram depicting how an excitonic
phase can evolve from a normal semi-metallic state via electron-hole in-
teractions, and then how to recover normal semi-metallic states via potas-
sium deposition in TapPd3 Tes. (c) Similar to panel (a), but for Ta;Niz Tes.
(d) Schematic diagram depicting how the band structure of a conventional
semiconductor in Ta;Ni3Tes evolves under potassium deposition.

As a comparison, Fig. 4 shows the evolution of the band
structure of TayNi3Tes at various surface potassium doping
steps. The VB also shifts downwards to higher binding energy
upon doping. In contrast to Ta;Pd;Tes, the CB remains invis-
ible at a deposition time of 2 min. After deposition of 5 min,
there is finite spectral intensity around Ef, indicating the ap-
pearance of CB. The curvature intensity plots of the ARPES
data in Fig. 4(b) provide a clearer view of the appearance of
CB. We believe that the Stark effect plays a crucial role in the
appearance of CB, since the Stark effect can reduce the gap
between CB and VB in semiconductors, it helps make the CB
observable together with the combined effect of the upward
shift in chemical potential before 5 min. Upon further dop-
ing, both VB and CB continue shifting downwards, the band

gap decreases but persists all the time. We attempt to deposit
potassium on Ta;Niz Tes for as long as 19 min, but it maintains
an insulating state continuously. We believe that the distinct
properties between Ta;Pds;Tes and TapNisTes arise from the
difference in band gap in their normal states. It is well known
that EI usually occurs in semiconductors with small band gap
or semimetals with small band overlap, where the binding en-
ergy of excitons exceeds the band gap or band overlap, but the
band gap of TapNizTes may be too large for excitons to form
and condense spontaneously compared to Ta;Pd3Tes, and this
makes TayNizTes a conventional semiconductor.

To better compare the band structure at different dop-
ing steps, we extract the band dispersion of Ta;Pd;Tes and
Ta;NisTes at several representative deposition times, as shown
in Figs. 5(a) and 5(c).
tracking the highest intensity positions in the curvature in-
tensity plots of the ARPES data in Figs. 3(b) and 4(b). For
TayPdsTes, the VB first shifts downwards to higher binding
energy, then stays in almost the same energy position after a

Colored circles are determined by

deposition time of 5 min. The CB of TayPdsTes shifts down-
wards continuously, resulting in markable reductions of the
band gap at I, and finally crosses with VB. It is also worth not-
ing that the band dispersions around I" change from parabolic
to linear with increasing deposition time, this is very similar
to the change of dispersion with increasing temperature. For
TayNiszTes, both CB and VB shift downwards continuously,
and the band gap persists throughout all the deposition time.
The shifts of VB and CB are almost same between 7 min and
11 min deposition, which shows only the effect of chemical
potentialand the Stark effect is not crucial. Figure 5(b) illus-
trates the band evolution of Ta;Pds;Tes: an EI state emerges
from a normal semi-metallic state via inter-band electron—hole
Coulomb interactions, then recovers to a normal semi-metallic
state due to exciton instability after sufficient surface potas-
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sium deposition, accompanied by the band shift resulting from
chemical potential shift and the Stark effect. For Ta;NizTes as
a conventional semiconductor, Fig. 5(b) illustrates that there is
only band shift without any phase transition throughout all the
deposition time.

4. Conclusion and perspectives

We successfully induce a metal-insulator phase transi-
tion in TapPdsTes via surface alkali metal doping, accom-
panied by a transformation in the CB dispersions changing
from parabolic to linear. However, the isostructural compound
Ta;NizTes shows no such phase transition under similar sur-
face doping conditions. These results not only reinforce the
identification of Ta,Pd3Tes as an EI, but also offer an effective
method to manipulate the exotic quantum phenomenon, which
can be used to design functional quantum devices.

Given that Ta,Pd3;Tes and Ta; NizTes share the same crys-
tal structure, we propose that Tay (Pd,Nij_,)3Tes (0 < x < 1)
samples with different x values can be grown to study how an
EI evolves from conventional semiconductor. Besides, build-
ing on our previous studies, we have shown that the inter-band
electron—hole Coulomb interactions in the EI phase disrupt the
symmetry of the electronic state in TayPd3Tes, subsequently
leading to a break of crystal symmetry via electron—lattice
coupling.!?8! Here we demonstrate that TayPds;Tes could re-
cover to normal semi-metallic phase via surface alkali metal
doping, we propose further investigations using transmission
electron microscopy (TEM) to examine changes in crystal
symmetry post-doping. Such studies could provide deeper in-
sights into the interplay between electronic states and crystal
structure in these intriguing materials.
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