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Coexistence of Interacting Charge Density Waves in a Layered Semiconductor
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Coexisting orders are key features of strongly correlated materials and underlie many intriguing
phenomena from unconventional superconductivity to topological orders. Here, we report the coexistence
of two interacting charge-density-wave (CDW) orders in EuTe,, a layered crystal that has drawn
considerable attention owing to its anomalous thermal hysteresis and a semiconducting CDW state despite
the absence of perfect Fermi surface nesting. By accessing unoccupied conduction bands with time- and
angle-resolved photoemission measurements, we find that monolayers and bilayers of Te in the unit cell
host different CDWs that are associated with distinct energy gaps. The two gaps display dichotomous
evolutions following photoexcitation, where the larger bilayer CDW gap exhibits less renormalization and
faster recovery. Surprisingly, the CDW in the Te monolayer displays an additional momentum-dependent
gap renormalization that cannot be captured by density-functional theory calculations. This phenomenon is
attributed to interlayer interactions between the two CDW orders, which account for the semiconducting
nature of the equilibrium state. Our findings not only offer microscopic insights into the correlated ground
state of EuTe, but also provide a general nonequilibrium approach to understand coexisting, layer-

dependent orders in a complex system.
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Quantum materials driven by nonperturbative correla-
tions display rich phase diagrams thanks to multiple
instabilities at similar energy and timescales [1]. The
microscopic understanding of macroscopic manifestations
of the resulting coexistent orders has been a central subject
in condensed matter physics. In solids, order formation due
to symmetry-breaking is often accompanied by the appear-
ance of an energy gap near the Fermi level, where the gap
size is proportional to the amplitude of the order parameter.
A prominent example is the charge-density-wave (CDW)
order. Historically, Fermi surface (FS) nesting—the match-
ing of sections of the FS to some other parts by a single
wave vector q—was suggested as the main driver for CDW
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formation in one-dimensional chains [2,3], leading to a
phase transition from the metallic to semiconducting state.
For quasi-two-dimensional materials, however, a perfect
nesting condition can seldom be fulfilled due to the
complex FS topology, and other mechanisms are often at
play for the CDW formation [4,5]. Hence, in quasi-2D
materials, the CDW energy gap usually does not open
everywhere on the FS and the system remains metallic even
in the CDW state. One well-established example is the
family of RTe; (R = lanthanide except Pm, Eu, Yb, and
Lu) [6-9], which is known for the CDW states originating
from the conducting Te bilayers [Fig. 1(a)]. The normal-
state FS can be well approximated by a tight-binding model

© 2024 American Physical Society
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FIG. 1. Comparison between charge density waves in RTe; and
EuTe,. (a) Crystal structure of RTe;, featuring Te bilayers whose
states are closest to the Fermi level. (b) Calculated normal-state
FS (blue lines) of RTe; based on the tight-binding model. The
blue solid and red dashed lines represent the original and folded
bands, respectively. Note that only parts of the folded bands are
plotted for clarity. (c) Temperature-dependent electrical resistivity
of RTe;, showing metallic behavior in the CDW state. The CDW
transition temperatures of all the compounds shown are above
300 K. (d) Crystal structure of EuTe,. (e) Tight-binding normal-
state FS of EuTey, following the same convention as in panel (b).
(f) Temperature-dependent electrical resistivity of EuTe, in the
CDW state, showing semiconducting behavior and a giant
thermal hysteresis. Panels (c) and (f) are extracted from Refs. [12]
and [13], respectively.

that considers the Te bilayers [10], as shown in Fig. 1(b).
One can see that the FS favors a good but not perfect
nesting, leading to the metallic CDW state with a partially
gapped FS, as evidenced by metallic behavior in electrical
transport [Fig. 1(c)] and remnant FS seen in angle-resolved
photoemission spectroscopy (ARPES) [10-12].

The recently synthesized Eu-based telluride EuTe,, where
Eu is divalent instead of the trivalent lanthanide in RTes, has
stimulated intense interest due to its unique electrical trans-
port property: an anomalously large thermal hysteresis
embedded in a semiconducting CDW state [13—19], shown
in Fig. 1(f). EuTe, shares key structural motifs with RTes,
both consisting of an alternate stacking of the insulating RTe
spacers and the nearly square Te nets [Figs. 1(a) and 1(d)]. As
expected, the calculated normal-state FS of EuTe, exhibits
imperfect nesting, as illustrated in Fig. 1(e). These similar-
ities point to a metallic CDW state, which is also suggested
by density-functional theory (DFT) calculations [14,15].
However, previous ARPES studies revealed a fully gapped
FS [13,16,17]. The stark contrast raises the puzzle of why the
CDW state of EuTe, is semiconducting. Structurally, the
apparent difference is that EuTe, contains both Te mono-
layers and bilayers in a single unit cell, hinting at the
possibility of coexistence of layer-dependent CDW orders.
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FIG. 2. Electronic structure and intrinsic CDW gaps of EuTe,.
(a) Original (blue curves) and folded (red curves) Fermi surface
based on tight-binding calculations. The solid lines represent the
observed bands at £, [shown in panel (b)]. The black dashed circle
indicates the detection area of our tr-ARPES measurements.
(b) ARPES constant energy map at E,, measured with 90 eV,
right circularly polarized light. (c) ARPES (i) and curvature
(ii) intensity plots along the C1 direction [labeled in panel (b)],
measured at = O ps. The probe photon energy was 10.75 eV, and
polarization was linear horizontal (LH, perpendicular to the
photoemission plane). The pump photon energy was 1.55 eV,
the polarization was LH, and the fluence was 0.16 mJ/cm?.

Therefore, one important clue is the additional interactions
between the two CDW orders. Yet, despite the use of
multiple experimental probes [13,16], it remains unclear
whether more than one CDW order exists in EuTe, in the
first place. In this work, we leverage the capability of time-
resolved ARPES (tr-ARPES) [20-23] to distinguish and
probe the optical excitation of two CDW orders in EuTe,.
Our findings suggest that the interlayer CDW coupling
underpins the semiconducting nature of EuTe,, and our
methodology offers a promising route for visualization and
ultrafast manipulation of coexisting orders in other quasi-
2D systems.

We first examine the occupied valence bands of EuTe, in
its CDW state. The calculated normal-state FS, as shown by
the blue curves in Fig. 1(e), is mainly composed of two
perpendicular sets of quasi-parallel curves. In the CDW
state, these curves are folded along the k, direction, leading
to additional Fermi pockets in the Brillouin zone [see red
curves in Fig. 2(a)]. We measured the fermiology in the
CDW state by high-resolution synchrotron-based ARPES
at 20 K. Figure 2(b) displays a representative constant-
energy map at E, [indicated in Fig. 2(c)], where both the
original bands and the folded CDW bands are resolved. The
measurement in Fig. 2(b) is largely consistent with the
tight-binding prediction in Fig. 2(a) except for the missing
pockets at |k,| < 0.5z/a [indicated by dashed curves in
Fig. 2(a)], which are the consequence of large energy gaps
in the CDW state, as we will quantify later.

To discern the possible existence of two CDWs, infor-
mation about unoccupied single-particle states must be
characterized, which gives a more quantitative measure of
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the CDW energy gap and hence reflects the intrinsic order
parameter amplitude. These unoccupied states are difficult
to detect in equilibrium ARPES due to the large gap size
compared to thermal energy at experimentally accessible
temperatures up to ~400 K [13]; inverse photoemission
would also be unsuitable due to the coarse energy reso-
lution. The limitations of the equilibrium techniques
necessitate the use of tr-ARPES to differentiate CDW
orders in EuTe,. With this in mind, we conducted tr-
ARPES measurements using an above-gap infrared
(1.55 eV) pump laser and an extreme-ultraviolet (XUYV,
10.75 eV) probe laser (see [24] for experimental details).
Figure 2(c) shows the measured transient electronic struc-
ture along I'-X under an incident fluence of 0.16 mJ/cm? at
t~0 ps (i.e., at pump-probe temporal overlap). In this
weak perturbation regime such that Floquet states can be
neglected, pump pulses are expected to minimally disturb
the CDW structure at £ ~ 0 ps. As a result, the intensity that
indicates populated states above Er more closely resembles
the unoccupied states in equilibrium compared to spectra at
later time delays [31], giving us access to the unoccupied
band structure that is otherwise inaccessible in equilibrium.

Three spectral features, labeled as Conl, Con2, and
Con3 in Fig. 2(c), can be identified above E, indicating
three conduction-band bottoms in the CDW state. Conl
resides at the I' point while Con2 and Con3 are close to
each other in crystal momentum along the I'-X direction but
are energetically distinct. To trace the origins of these
unoccupied bands, we compare Fig. 2(c) with Fig. 2(a) and
the calculated normal-state electronic structure in Fig. S6(a)
[24]. Tt is evident that Conl can only be assigned to the
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folded CDW band since no normal-state bands lie within an
energy window of +1 eV at I'. By contrast, Con2 and
Con3 are parts of the normal-state main bands with a gap
opening near E. By calculating the difference between the
energy minima of Con2 and Con3 and the energy
maximum of the valence band top [labeled as VO in
Fig. 2(c)], we estimate the corresponding CDW gaps along
I'-X to be 0.8 and 1.0 eV, respectively. The presence of two
distinct single-particle gaps hence demonstrates the coex-
istence of two CDW orders.

Spectroscopically, separated bands like Con2 and Con3
do not always guarantee two distinct orders because
scenarios such as spin-orbit coupling can also lead to band
splitting. To rule out other scenarios and to pin down
the coexistence of the two CDW orders, we study the
evolution of their spectral functions after photoexcitation.
Figures 3(a)-3(e) show the snapshots of photoemission
spectra above Er at five representative pump-probe delay
points (first row) and their respective curvature plots that
highlight the band positions (second row). Besides the
time-dependent spectral weights due to photoinduced
carrier excitation and recombination, the energy positions
of all three conduction bands Conl—-Con3 shift down
immediately after the pump pulse arrival, indicating an
overall nonequilibrium suppression of the CDW order.
Importantly, there is a larger energy separation between
Con2 and Con3 in Fig. 3(e) compared to Fig. 3(a)
(highlighted by the dashed arrows), suggesting two differ-
ent evolution pathways for the two bands. To quantify this
distinction, we fit the energy distribution curves (EDCs)
between k; and k, labeled in Fig. 3(a)i with Lorentzian
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Temporal evolution of conduction bands and CDW gaps. (a)-(e) ARPES (i) and curvature (ii) intensity plots along the C1

direction att = 0, 0.2, 0.4, 0.6, and 0.9 ps, respectively. The red symbols are peak positions of Con2 and Con3 bands, obtained from the
Lorentzian fitting of the energy distribution curves at each k, point and at each delay time. (f) Extracted time-dependent conduction band
bottoms. The inset shows the corresponding CDW gaps determined from the difference between the bottom of Con2 or Con3 and the
top of V0. (g) Time-dependent band-bottom difference of Conl and Con2. The error bars represent the statistical uncertainty derived

from the fitting procedure.
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functions (see [24]). The extracted momentum-dependent
EDC peak positions of Con2 and Con3 are superimposed
on the curvature plots [Fig. 3(a)ii—3(e)ii] with red markers,
which very well match the band intensity and hence affirm
the validity of both the EDC fits and the curvature plots. We
summarize the fitting results in Fig. 3(f). Con2 and Con3
clearly exhibit different dynamics. The bottom of Con3
decreases from 0.78 eV at t =0 to 0.71 eV at 0.4 ps, and
then starts to recover after 0.4 ps. By contrast, the bottom of
Con2 keeps decreasing until 0.9 ps. After 0.9 ps, both
Con2 and Con3 are undetectable (see Fig. S4 [24]) due to
fast excited carrier relaxation and hence the disappearance
of spectral weights. These distinct dynamics lend further
proof that Con2 and Con3 come from two different orders.

We can associate the above observations of two CDW
gap sizes and two qualitatively different photoinduced
dynamics with the unique CDW instabilities and structural
motifs in EuTe,, which feature both Te monolayers and Te
bilayers. Because of the quasi-2D nature of EuTe,, strong
hybridization of states between the monolayers and
bilayers are limited, so it is reasonable to attribute the
two CDW orders to the monolayer and bilayer Te sheets. To
obtain the specific assignment of Con2 and Con3, we note
that within a Te bilayer, the additional intrabilayer inter-
action can further enhance the broken symmetry order, as
has been verified by our DFT results in Fig. S6 [24]. Hence,
the CDW gap associated with Te bilayers is expected to be
larger, and we assign Con3 and Con?2 to the bilayer and
monolayer CDW, respectively. This assignment was further
supported by the observed dichotomous temporal evolu-
tions in Fig. 3. The stronger bilayer CDW experiences less
suppression and hence a faster recovery (Con3), whereas
the weaker monolayer CDW has a larger gap suppression
and delayed recovery [Fig. 3(f)]. These characteristics
not only provide strong evidence for the existence of
monolayer and bilayer CDWs but also suggest that photo-
excitation can be an effective means for charting sepa-
rate pathways of their dynamics due to the different CDW
strengths.

We next discuss the behavior of Conl, which, unlike
Con2 and Con3, is a part of the folded bands that are only
present in the CDW state. We assign Conl to the CDW
residing in the monolayer Te sheet for two reasons. First,
Conl is a global conduction band minimum as directly
measured in Fig. 3(a) and as evidenced by the long
population lifetime in Fig. S4 [24], which results from
the slow equilibration of excited electrons located at the
conduction band bottom of a semiconductor [32]. Second,
Conl displays a similar dynamical evolution as Conz2,
namely, both keep shifting downward toward larger
binding energy over ~1 ps. The main difference between
Conl and Con2 is the magnitude of the shift, where Con1l
exhibits a smaller downshift on average compared to Con2.
As a result, the difference between the energy bottoms of
Conl and Con2 decreases as a function of time, as shown
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FIG. 4. The interplay of intertwined CDW states. (a),(b)
ARPES (i) and curvature (ii) intensity plots along the k, direction
at + =0.05 and 0.75 ps, respectively. The pump fluence was
1.2 mJ/ecm?. (c) The calculated band structure along the I'-X
direction based on the (1 x 3 x 2) superlattice and the GGA type
of the exchange-correlation potential. The red and blue colors
represent the weight of p, and p, orbitals from the Te monolayer
and bilayer, respectively. (d) Schematic of the electron-hole
interactions between CDWs residing in the monolayer and
bilayer Te sheets. The white circles and black dots represent
the holes and electrons, respectively. The orange curves denote
the interactions, and the black-dotted ellipse represents an
electron-hole pair.

in Fig. 3(g). Such discrepancy is more prominent under
stronger laser excitation. In Fig. 4(a) and 4(b), we present
the transient electronic structure at r = 0.05 and 0.75 ps
after excitation with 1.2 mJ/cm?, 800-nm pump pulses.
Under such a strong perturbation, the energy gap between
Con2 and VO almost completely collapses due to the large
downshift of Con2. By contrast, Conl shows a much
smaller downshift and it is clear that the energy gap does
not vanish at the I" point.

The observation of disproportionate gap renormalization
of Conl and Con?2 is unexpected because it conflicts with
the previous understanding of EuTe, that there is only one
order parameter responsible for gap opening. In other
words, one should expect a proportional downshift of
Conl and Con2 if the monolayer CDW has a single
CDW order parameter. To understand this behavior, we per-
formed detailed DFT calculations based on the 1 x 3 x 2
superlattice, which is a good approximation of the in-plane
incommensurate and out-of-plane commensurate CDW
structure [13,14]. The DFT results, in good agreement
with previous reports [14,33], are summarized in Fig. 4(c)
and [24]. One can see that the Te monolayer indeed has a
relatively weaker CDW, resulting in several conduction
band bottoms, supporting our assignment of Conl, Con2,
and Con3 in Fig. 2. On the other hand, besides an overall
shift of the chemical potential, the major discrepancy
between the DFT results and the measured bands in
Fig. 2(c) is that DFT yields a metallic FS, suggesting that
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additional electron correlations beyond those captured by
DFT must be considered to explain the observed semi-
conducting CDW, especially for the monolayer CDW gap
at Con2.

Motivated by the recent investigations of the insulating
state in 17-TaS, induced by interlayer coupling [34-38],
we speculate that the experimentally observed gap in EuTe,
arises from monolayer and bilayer CDW couplings. A
direct observation from the DFT-calculated band structure
is that the low-energy conduction and valence bands are
primarily contributed by monolayer and bilayer Te orbitals,
respectively (Fig. S6 [24]). The energy proximity and
spatial separation of electrons and holes make the material
susceptible to charge transfer between these nominally
charge-neutral Te layers [39]. Since DFT is a ground-state
theory and the functionals do not include excitonic effects,
we can compensate for this missing interlayer interaction
by an additional term in the Hamiltonian, Vn@n) where
n'@ and n') correspond to the electron density operators at
the monolayer and bilayer Te bands, and V represents the
attractive interband coupling. A direct consequence is the
separation of these types of CDW bands [red and blue
curves in Fig. 4(c)] caused by the Hartree part of this
interaction. Furthermore, this interaction favors the for-
mation of interband excitons, whose condensation opens an
excitonic gap. Both gapping mechanisms are directly
driven by, and therefore proportional to, V, without
requiring a structural transition. It is predicted that this
effective interaction can be screened by carriers in both
layers, leading to a reduction of the aforementioned gap.
This is consistent with the experimentally observed shift of
Con2 [see Fig. 4(d)] with the presence of light-induced
photocarriers. At the same time, the intralayer CDW orders
remain unchanged, manifesting as the persistence of the
Conl, highlighting the distinct origins of the CDW gap and
the interband interaction-driven gap.

Our time-domain spectroscopic investigations of the
CDW state in EuTe, unveil the following key results.
(i) In a single bulk crystal, the Te monolayer and bilayer
host distinct orders, with the bilayer experiencing a stronger
CDW distortion due to the additional intrabilayer inter-
actions. (ii) As a result, the bilayer CDW is less renormal-
ized and recovers faster under small perturbations by light.
(iii) The monolayer Conl and Con2 conduction bands
exhibit disproportionate temporal evolutions, deviating
from the typical dynamics of a single-order parameter.
We interpret this deviation and the related semiconducting
nature of the CDW as a result of additional monolayer-
bilayer interactions. These findings provide crucial infor-
mation on the dynamics and interplay of coexisting CDW
orders, highlighting the importance of interlayer coupling
in semiconducting quasi-2D CDW systems. As a newly
discovered CDW material, EuTe, also offers a rich plat-
form for understanding and manipulating the layer-specific
CDW orders with a variety of external parameters such as

temperature and ultrashort light pulses, which can result in
anomalous electrical transport and persistent hidden states
[13,19]. The above knowledge of coexisting CDW orders
can also be generalized to other layered systems, such as
multilayer cuprates [40], and our study thereby offers
another route for elucidating the novel physics of coexist-
ing orders in these quantum many-body systems.
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