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Charge density wave (CDW) induces periodic spatial modulation of the charge density that is commensurate
or incommensurate with the host lattice periodicity, and leads to partial or complete electronic band-gap opening
at the Fermi level (Eg). The recent finding of unconventional hysteresis within the CDW phase of EuTe,, not
observable in other rare-earth tellurides RTe, (n = 2, 3), has highlighted the role of the relative phase of CDW
distortion in weakly coupled Te layers. However, detailed structural and dynamical characterization of CDW
distortion on the hysteretic transition is lacking. Here we report on the static CDW order, dynamics of the
amplitude mode, and their evolution on the hysteretic transition using meV resolution elastic and inelastic
x-ray scattering. We discover previously unidentified multiple commensurate and incommensurate CDW wave
vectors cpw along all three crystallographic axes. Importantly, we find that the previously reported b-axis
CDW peak is coupled with the interlayer CDW phase and consequently co-occurs with the doubling of the
unit cell along the ¢ axis. We confirm the presence of the competing a-axis CDW order but found it to be four
orders of magnitude weaker than the b-axis CDW. Furthermore, we observe multiple Kohn anomalies at qcpw
driven by Fermi surface nesting and hidden nesting, confirming earlier reports based on electronic and lattice
susceptibility simulations. The amplitude mode and Kohn anomalies are found to suppress on unconventional
hysteretic transition, suggesting the presence of nondegenerate metastable states, which we identify from the

X-ray scattering measurements and simulations.
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I. INTRODUCTION

Charge density wave (CDW) is ubiquitous in rare-earth
tellurides family, RTe, (n = 2, 3, and 4), with unstable square-
net Te planes undergoing planar distortion forming Te trimers
below the transition temperature Tcpw (see Fig. 1) [1-16].
Despite the commonality of the planar distortion for the entire
family [17], critical distinctions exist for different n, thus
leading to vastly different properties. The first distinction is
in the crystal structure, where for n = 2, one square-net Te
plane (Te monolayer) is sandwiched between two corrugated
(RTe) planes, i.e., (RTe),—Te— - - - [2,3], whereas for n = 3,
two adjacent Te planes (Te bilayer) alternate with two (RTe)
planes, i.e., (RTe), — Te —Te — --- [4,7] (see Supplemental
Material (SM) Fig. S1 [18], see, also, Refs. [19-27] therein).
Here underline and overline imply Te atoms in monolayer
and bilayer, respectively. In contrast to both the n = 2 and 3
series, in the recently synthesized n = 4 compound EuTey, the
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Te monolayer and bilayer separated by (EuTe) plane coexists,
i.e., (EuTe) — Te—(EuTe) — Te — Te — - - - (see Fig. 1) [14].
Because of the coexistence, the planar distortion of the Te
monolayer and two Te layers in a bilayer can have differ-
ent phases, ¢, ¢, and ¢3, thus introducing an additional
degree of freedom ¢ = ¢; — ¢’ in EuTey (¢' = ¢ — ¢3). The
metastable degenerate three-dimensional domain structures
for ¢ =0 and 7 (keeping ¢’ = ) are proposed to be sepa-
rated by a large energy barrier of the order of eV and the root
cause of unconventional hysteresis loop spanning ~400K in
EuTe4 [15]. Here the transition is referred to as unconven-
tional hysteretic as the hysteresis loop occurs well below Tepw
owing to CDW distortion phase change with no change in
CDW wave vector qcpw [15].

The second distinction is in the valency of rare-earth ions.
In the n = 2 and 3 series, R is trivalent, which fills the Te p
orbitals within the RTe plane and donates an extra electron
to partially fill Te p orbitals in monolayer or bilayer planes.
On the other hand, due to the divalency of R in n =4, no
electron transfer occurs between the RTe plane and Te mono-
or bilayers [15]. Thirdly, the Fermi surface is fully gapped
for n = 4 [15,28], but remnant metallic pockets are present

©2023 American Physical Society
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FIG. 1. (a) Unmodulated crystal structure of EuTe, with Te-Te bonds in Te monolayer and bilayer forming a nearly square pattern. (b) Same
as panel (a) but in the b-c plane. (c) Te-Te trimer formation in the monolayer and bilayer in the CDW state. (d) Heat flow in a single-crystal of
EuTe, of mass ~ 5 mg measured using differential scanning calorimetery under Argon purging. Arrows mark the transitions on heating and

cooling.

for n = 3 [5,6]. The charge neutrality of Te planes and lack
of available free carriers possibly set the energy scale of Te
monolayer and bilayer coupling, thus controlling the ¢ and
the domain structure [15].

Another contentious point in the literature is the origin
of CDW [29-31]. For example, in multiple RTe; com-
pounds, based on angle-resolved photoemission spectroscopy
(ARPES) measurements, CDW is found to originate from
(imperfect) Fermi surface nesting (FSN) [6]. On the other
hand, inelastic x-ray scattering (IXS) measurements of TbTes
and DyTe; [9,10] showed wave-vector-dependent electron-
phonon interaction (EPI) induced softening of a phonon
branch at qcpw, a markedly different mechanism than FSN. In
comparison, for RTe,, ARPES and diffraction measurements
have pointed towards FSN driven CDW [2,3]. Similar to RTe,
and a few RTes, using explicit simulations of electron and
lattice susceptibility of EuTe,, imperfect FSN combined with
hidden nesting owing to linearly dispersing bands near the
Fermi energy (Ef) is found to be the origin of CDW [14,16].
ARPES measurements recently confirmed the presence of
imperfect FSN [28]. But to unequivocally confirm the FSN
and hidden nesting driven CDW, we must observe multiple
Kohn anomalies at qcpw [16,29,32] instead of a single phonon
branch [9,10,33]. CDW driven by other mechanisms such as
strong electron correlations [30,34,35] and large electronic
density-of-states (EDOS) at Er in high-symmetry structures
[36,37] can be safely excluded as both strong correlations and
large EDOS at Ef are absent [16].

Besides the observation of Kohn anomalies, whether they
are induced by imperfect FSN and hidden nesting or wave-
vector-dependent EPI, it is critical to understand the evolution
of Kohn anomalies and amplitude mode on unconventional
hysteresis. The amplitude mode corresponds to oscillations
of the CDW order parameter. Here the observed unconven-
tional hysteresis is to be differentiated with hysteresis due
to incommensurate to commensurate CDW or metal-to-CDW
transition as discussed in Ref. [15]. Hence, a priori, we have
little knowledge of whether the Kohn anomalies and ampli-
tude mode will remain the same, suppress, or strengthen in
the metastable states. Such evolution can further show how
the static CDW order influences lattice dynamics. Moreover,

as reported earlier [16], both a and b axes CDWs compete
with each other, but due to the larger strength of the electronic
instability, long-range CDW order is established along the b
axis. However in literature, the long-range ordering of the
competing axes is observed for some of the RTe; compounds
(R = Dy, Ho, Er, and Tm) [7] on further cooling or on pho-
toexcitation [12]. Hence, the investigation of competing a-axis
CDW on hysteresis is necessary to identify (dis)similarities
with other rare-earth tellurides.

In this combined experimental and simulation study, we
report both the long-range static CDW order and associated
Kohn anomalies in EuTey to elucidate the above-raised ques-
tions about long-range CDW order, the origin of CDW, the
evolution of Kohn anomalies, and competing a-axis CDW
on hysteresis. Using single-crystal elastic x-ray scattering
(EXS) [to be differentiated from single-crystal x-ray diffrac-
tion (XRD)], we identify previously unknown multiple qcpw
along all three axes. The experimental observation of multiple
Kohn anomalies at qcpw using IXS confirms that the b-axis
CDW is driven by FSN and hidden nesting, hence confirming
the previous simulation proposition. Notably, we find that
the Kohn anomalies along the b axis are suppressed and
the intensity of the competing a-axis CDW nearly vanishes
on unconventional hysteretic transition (300 K — 30K —
50 K — 300 K). We further discover the metastable states that
possibly control the unconventional hysteretic transition.

II. CDW TRANSITION

EuTe, crystallizes in the orthorhombic structure (Pmmn)
in the unmodulated state [14]. Previous studies [14,15] did
not measure the Tcpw but estimated it to be above the mean-
field temperature of 646 K [15]. Using small single-crystal of
EuTe,, we measured the heat flow up to 850 K (see SM [18]
for details) and found Tcpw on heating and cooling cycles
to be ~726 and 652 K, respectively [see Fig. 1(d)]. Below
Tepw, EuTey undergoes an unconventional hysteresis extend-
ing from 50 to 400 K, as evident from XRD, resistivity, and
ARPES measurements [15]. We did not observe the onset of
unconventional hysteresis in the heat flow measurements near
400 K, either on heating or cooling cycles, possibly due to a
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FIG. 2. (a) EXS mapping of CDW state along [4, K, 0] at 300 K, on cooling to 50 K, and after reheating back to 300 K (thermal cycling
300K — 30K — 50K — 300K), showing CDW peak corresponding to Xy, = 0.643(1) r.L.u. Two higher-order CDW peaks at K = 0.714
and 0.572 (second and fourth order) corresponding to same q&ny, are also marked by arrows. Intensity represents the number of EXS
photon counts per 5 sec. Errors bars are from counting statistics (+/N). (b) Same as panel (a), but counts shown on a logarithmic scale to
highlight CDW peaks up to tenth order. (c), (d) CDW state along [0, K, —0.5] and [0, K, —1] showing long-range order corresponding to
A& ows = 0.035(5) and q&pw; = 0.965(5) r.l.u. Note that the nonlabeled peak appearing between q&py; and —2 + 4q&,y, in (b) is from CDW
distortion q¥y, — q&pw,- Similarly, the peak between q¥y,, and 2 — 2%,y is from g5y, + 4¥ows-

small change in the heat capacity. Nevertheless, we measured
similar changes as reported in Ref. [15] corresponding to the
unconventional hysteresis in the EXS intensity as discussed
below.

III. EVOLUTION OF STATIC CDW ORDER
A. CDW along the b axis

First, let us distinguish the EXS from XRD measurements.
In XRD, the energy bandwidth of the incoming beam and
detected beam is large, and the measured intensity includes
the integration of the elastic and inelastic signals within the
energy bandwidth, which is typically on the order of a few
eVs. On the other hand, EXS uses a highly monochroma-
tized beam (AE = 1 meV), and the detection system includes
high-resolution analyzers; the overall energy resolution of the
instrument is ~1.3 to 1.5 meV. Here the detected intensity is
the elastic scattering within the instrument energy resolution.
Hence, EXS, as opposed to the XRD signal, allows us to dis-
tinguish between the intensity arising from long-range static
ordering and low-energy phonons. This distinction allowed us
to delineate long-range ordering along the competing a axis,
as discussed later in the text.

Figure 2(a) shows the EXS scan along [4, K, 0] to identify
the CDW peaks corresponding to the trimer formation in Te

mono- and bilayer below Tepw. All [H, K, L] notations in
the text correspond to the unmodulated state structure. Con-
sistent with previous single-crystal XRD measurements, we
observe a CDW peak at g5y, = 0.643(1) r.L.u. at 300 K. In
addition, we observe higher-order (second and fourth order)
CDW peaks in the same scan as marked by arrows in the
figure. The same plot is shown on the logarithmic scale in
panel (b), where we further mark the higher-order peaks up
to tenth order. Higher-order peak positions allow us precisely
determine the q&,y, and affirm its incommensurate nature.
In Fig. 2 (a), we also show the peak intensity evolution as
we scan through the unconventional hysteresis loop by fol-
lowing the 300K — 30K — 50K — 300K thermal cycle.
Consistent with previous single-crystal XRD measurements
[15], the peak intensity at q&py,; increases nearly 1.7 times at
300 K on thermal cycling. On comparison, the intensity and
mosaic of the nearby (4,0,0) Bragg peak remained the same on
thermal cycling (see SM [18] Fig. S3a). The observed increase
of the peak intensity at q&py,, could be due to an increase
in correlation length &, CDW distortion amplitude Qcpw of
mono- and bilayers (i.e., Te-Te distance in the trimers), or
relative phase of distortions (¢ and ¢’). The & can directly
be calculated from the spatial spread of the CDW peak in
the reciprocal space. However, the width of q&py, is limited
by our instrument resolution and step size, which put a lower
limit of ~400 A on &. We will discuss the Qcpw and relative
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FIG. 3. (a) EXS mapping of CDW state along [0, 4, L] at 300 K, on cooling to 50 K, and after re-heating back to 300 K (thermal cycling
300K — 30K — 50K — 300K), showing CDW peaks corresponding to q&py; = 0.50(1) r.lu. Arrows mark the correlation length & at
different T'. Intensity represents the number of EXS photon counts per 5 sec. Errors bars are from counting statistics (v/N). (b), (c), (d) CDW
state along [0, 3, L], [0, 2, L], and [0, 4, L] showing long-range order corresponding to ‘Iépwz = 0.071(5), qéDm = 0.045(5), and q’c‘DW4 =
0.10(1) r.L.u. in multiple Brillouin zones at 300 K. g%y, is marked by red arrows in panels (b)—(d), while black arrows in respective panels

mark other CDW peaks.

phase, and their implications on the intensity later in the
text.

Next, we focus on the observation of two more CDW peaks
along K, which so far have remained elusive. Figure 2(c)
shows the EXS scan along [0, K, —0.5]. We observe a central
peak at (0,2, —0.5) flanked by multiple satellite peaks, as
marked by the arrows. Since the intensity of satellite peaks
appears at a periodic K interval and decreases away from the
central peak, they are higher-order CDW peaks. Hence, we
can assign the quwz to be 0.035(5) r.l.u. The appearance
of the CDW peaks at q&py, for L = —0.5 further indicates
that @&y, co-occurs with the doubling of the unit cell along
the ¢ axis. We will discuss the doubling along the ¢ axis
later in the text along with the c-axis CDW. As shown in
Fig. 2(d), the EXS scan along [0, K, —1] revealed an addi-
tional CDW along K. We observe a Bragg peak at (0,2, —1)
and multiple satellite peaks, as marked by the arrows. Unlike
satellite peaks of (0, 2, —0.5), the intensity does not decrease
monotonically away from (0,2, —1), which suggests them
to be higher-order CDW peaks. Based on their periodic ap-
pearance and intensity variation away from (0,2, —1), we
identify qX,y; to be 0.965(5) r.l.u. Here the second-order
CDW peaks, i.e., (0, 2q¥,w;, —1) and (0,4 — 2q55y5, — 1),
are stronger than the first-order peaks, i.e., (0, 1 + q’C(DW3, -1)
and (0,3 — quws’ —1), as they are satellites of relatively
intense Bragg peaks [(0, 0, —1) and (0, 4, —1)] compared to
the first-order peaks that are satellites of weak Bragg peaks

[(0,1,—1) and (0,3, —1)]. We note that qX,w, and q&,w;
may appear to be the same or related as they can be expressed
as q¥ywo = 1 — q¥Lw; within the error bars; however, we
could not find evidence from the measured data for them to be
related; hence we denote them independently. We emphasize
that the periodic appearance of CDW peaks on either side of a
central peak in multiple Brillouin zones rules out two or more
flakes or multiple scattering contributing to the measured
intensity.

B. CDW along the ¢ axis

Figure 3(a) shows the EXS scan along [0, 4, L]. We ob-
serve a CDW peak at q&py, = 0.50(1) r.l.u. at 300 K, as
marked by the red arrow. Surprisingly, on thermal cycling to
50 K. (i.e., 300K — 30K — 50K), the peak at q&py, loses
intensity and becomes broad. On further heating to 300 K,
it regains its intensity but is much narrower. We quantify &
by fitting the peak with the Gaussian function [38]. Here £ =
1/7 /FWHM, and FWHM is the full-width-half-maximum of
the Gaussian fitting. The & is found to initially decrease from
72 A at 300 K to 44 A at 50 K, and then increase to 106 A on
heating back to 300 K.

The peak at qipy, corresponds to a doubling of the
unit cell along the ¢ axis. This doubling can be due to the
out-of-phase displacement of Te mono- and/or bilayers in

the adjacent unit cell, i.e., (EuTe) — Te 1 — (EuTe) — Te 1 —
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FIG. 4. (a) Phase-shift g of Te trimers in the bilayer along the
b axis in the adjacent unit cells leading to doubling of the unit cell
along the c axis. The red double-headed arrow shows the b-axis
phase shift across the black dotted line. In the upper unit cell, ¢ is 0
and ¢’ is 7. (b) EXS mapping along [0, K, —3.5] at 300 K showing
CDW peaks corresponding to the combined CDW distortion along
the b axis (q¥,y, and q&py,) and doubling of unit cell along the ¢
axis (q&pyw )- Superscripts on top of numerals (either K or L) indicate
the axes. Intensity represents the number of EXS photon counts per
5 sec. Errors bars are from counting statistics («/IV ). The nonlabeled
peaks in panel (b) at K = 2.573, 2.322, and 2.392 can be expressed

as (0, 2+ quWl_zquWZ’ -4+ qéDW])’ ©, 3- quW] - quwz’

—44+qepw)s  and (0, 3 —qlpw T Apwr  —4+ Qo)
respectively.
Te | —::(EuTe) —Te | — (EuTe)— Tet —Te | —---, or

equivalently phase shift 8 along the b axis in Te mono- and/or
bilayer in the adjacent unit cell [see Fig. 4(a)]. Here underline
and overline implies Te atoms in monolayer and bilayer, 1

and | indicate the phase of the distortion, and : : separate the
two adjacent unit cells. For example, the above configuration
indicates that the unit cell is doubled along the ¢ axis due to
out-of-phase distortion of the Te monolayer in the adjacent
unit cells. From measured values of &, it is apparent that
the extent of correlation of such displacements decreases on
cooling, leading to a decrease in the measured intensity at
50 K. Similarly, the rise in intensity on heating back to 300 K
is due to the increase in &.

Next, we focus on three more CDW peaks along L. Fig-
ure 3(b) shows the EXS scan along [0, 3, L] spanning multiple
Brillouin zones. In all Brillouin zones, we observe q&pw,
(marked by the red arrows), and also a repeated pattern of
intensity emanating corresponding to gy, = 0.071(5) r.lu.,
as marked by the black arrows. Similarly, as shown in
Figs. 3(c) and 3(d), we observe two more CDWs at q(L:DW3 =
0.045(5) and q&py, = 0.10(1) along [0,2, L] and [0, 4, L],
respectively (marked by the black arrows). In all of these
scans, the CDW peaks corresponding to qpy, are visible.
None of these CDW peaks were reported in the earlier studies
[14,15].

In addition to the above CDW peaks, we also observe peaks
corresponding to the combination of b- and c-axes CDWs.
Figure 4(b) shows one such EXS scan along [0, K, —3.5].
The peak at K = 2.714 r.l.u. corresponds to a combination
of q¥,w; and qbpy,. We identify the peak to be a satellite
of the (0, 4, —4) Bragg peak such that the peak position in
terms of g€, and g-pyy; can be written as — (0, 4 — 28w
—4 + gEpyy)- Similarly, we identify the peak at K = 2.678

to be a combination of two first-order CDW peaks along K
(i.e., q¥5w; and q¥Ly,) and a first-order peak along L (i.e.,
q5pw) such that the peak position can be expressed as (0,
2+ qpwi + 9&pwa —4 + QEpwy)- The remaining satellite
peaks are labeled in the figure. The observation of such peaks
has critical implications. For example, if we pick the peak
at K = 2.714, it implies that trimer formation (i.e., q&pw;)
co-occurs with doubling of the ¢ axis (i.e., q&py,), and are
not independent. Figure 4(a) shows one representative mix
distortion where Te-Te trimers in the bilayer are phase-shifted
by B along the b axis in the adjacent unit cells (see across
the black dotted line in the figure). Later in the text, we will
discuss more on this from the system energy minimization
perspective using simulations.

C. CDW along the a axis

Figure 5(a) shows the EXS scan along [H, 0, 0] to identify
if a long-range order is also established along the competing a
axis. We observe a peak at g, = 0.604(5) r.Lu., although
it is substantially weaker in the intensity (~60 counts for
qZ,w as opposed to ~3.5 x 10° counts &y, per 5 sec)
and have much smaller & ~ 50 A at 300 K. It implies, be-
sides the shorter correlation length, Qcpw of competing a-axis
CDW is significantly smaller than the b axis. On thermal
cycling 300K — 30K — 50K — 300K), the peak inten-
sity at qi, drops by a factor of four, essentially indicative
of suppression of long-range CDW order along the a axis.
Another interesting observations is the position of qfy.
which is different from q&ny,,, in spite of similar lattice
parameters (a = 4.512 A and b = 4.635 A). If we compare
the experimental values of qX,y, and 2y, with the density
functional theory simulations in the unmodulated structure of
Pathak et al. [16], q¥,w, = 0.65 r.L.u. agrees well with the
measured value [0.643(1)], but simulated qé’DW = 0.67 differs
from our measurements, which may suggest renormalization
of the electronic bands along H due to the presence of gy ;-
However, due to the unavailability of evidence of band renor-
malization along H from ARPES measurements [15,28], we
should exercise caution in the interpretation. We note that
two peaks at H = 2.30 and 2.57 r.l.u. were also observed
while scanning along [H, 0, 0] [2 < H < 3, see Fig. 5(b)], but
despite measurements in multiple Brillouin zones (no peak
was observed while scanning between 3 < H < 4), we could
not find evidence of them to be related to g2y, via any higher-
order CDW peaks. Hence, we could not find their origin and
do not label them.

IV. OBSERVATION OF MULTIPLE KOHN
ANOMOLIES AT qpy

After establishing the static CDW order along all three
axes, we now focus on its phonon dynamics. Recently, using
electron and lattice susceptibility calculations in the un-
modulated structure, Pathak et al. predicted multiple Kohn
anomalies at X, owing to the FSN and hidden nesting [16].
Fundamentally, as described in the seminal paper by Kohn
[39], the Kohn anomaly emerges due to sudden change in
electron screening across cpw, Which consequently alters the
interatomic forces and lead to strong perturbation of phonons
at qcpw. The perturbation is visible as a dip or a kink in the
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FIG. 5. (a) EXS mapping of CDW state along [H, 0,0] (4 < H < 5) at 300 K, on cooling to 50 K, and after reheating back to 300 K
(thermal cycling 300K — 30K — 50K — 300K), showing CDW peak corresponding to g%y, = 0.604(5) r.l.u. Intensity represents the
number of EXS photon counts per 5 sec. Errors bars are from counting statistics (+/N). (b) Observation of additional peaks along [H, 0, 0]

(2<H <3)atH =2.30and 2.57 r.l.u.

phonon dispersion. The Kohn anomaly induced only by FSN
is localized at qcpw, for example, as observed for ZrTe; and
(3,3) carbon nanotubes [40,41]. However, if electronic bands
linearly disperse near Ef, then energy states above and below
Er also contribute to the electronic instability (i.e., hidden
nesting) and consequently to the Kohn anomaly [16,29,32].
The Kohn anomaly here is not localized and follows a distinct
power law dependence, as theoretically derived for the lin-
early dispersing bands in Weyl semimetals and experimentally
observed for TaP [42].

Kohn anomalies in EuTe, at quWl emerge above Tcpw
in the unmodulated structure [16]. The condensation of trans-
verse acoustic branch at ¥y, (shown as negative frequency
in SM Fig. S8a) induces a static CDW order below Tcpw.
However, the signature of the Kohn anomaly in other phonon
branches at q’éDW , will be observable below Tcpw. On subse-
quent cooling, acoustic and amplitude modes appear at &y ;.
as qualitatively illustrated in SM Fig. S9. The eigenvectors of
the amplitude mode correspond to the CDW distortion. Fig-
ure 6(a) shows the measured phonon energies along [4, K, 0]
(0 < K < 1) using IXS at 300 K at HERIX beamline (see
SM [18] for experimental details, and SM Fig. S4 and
S5 for raw data). The [4, K, 0] direction selectively probes
a-polarized phonons propagating along K, eigenvectors of
which overlap with the CDW distortion enabling Te trimer
formation [16]. As expected, we observe the amplitude mode
at ~4.5meV (see dispersion at low energies), and a Kohn
anomaly in the optic branch near ~11meV at ¢y, =
0.643(1) r.l.u. (marked by the light green line).

If the electron screening suddenly changes at qcpw due to
FSN and hidden nesting, not only the phonons enabling the
static CDW order (or having the same polarization as CDW
distortion), but other phonon branches (b- and c-polarized) at
qcpw must also harbor Kohn anomalies [16,29,32]. Recently,
using electronic and lattice susceptibility simulations and
inelastic neutron scattering measurements, multiple phonon
Kohn anomalies were observed at qcpw in «-U [32]. To
confirm multiple Kohn anomalies at quWI in EuTe4, we
first measured phonon energies along [0, K, 0] [3 < K < 4,
see Fig. 6(b)]. The [0, K, 0] direction selectively probes b-
polarized phonons propagating along K, i.e., longitudinal
acoustic and optic phonons. Kohn anomalies at &y, are

visible from the measured dispersions. Similarly, we also
measured phonon energies along [0, K, 10] that selectively
probes the c-polarized phonons propagating along K, i.e,
transverse acoustic and optic phonons (see SM Fig. S6). Kohn
anomaly can be observed in both acoustic and optics branches
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FIG. 6. (a) Phonon dispersion along [4, K, 0] (a-polarized ex-
citations propagating along K) at 300 K showing amplitude mode
(near ~4.5 meV) and Kohn anomaly (in optic branch) at ¥, (light
green vertical strip). Error bars, wherever visible, are one standard
deviation on either side of the marker from the fitting of the damped
harmonic oscillator (see SM Sec. B1). (b) Same as (a) but along
[0, K, O] (b-polarized excitations propagating along K), showing
Kohn anomalies at 4-q&y; = 3.357 r.l.u. (c), (d) Same as panels
(a) and (b) but after the thermal cycling 300K — 30K — 300K
to access the other metastable state. Light red and green color lines
above the markers are guides to the eye following the lattice dynami-
cal susceptibility simulations (see SM Sec. C3). Data points at qXy,
or in close vicinity are not shown as strong CDW peak intensity
saturates the entire energy scan, and phonon intensity is not visible.
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FIG. 7. (a) Phonon dispersion along [H, 4, 0] (b-polarized exci-
tations propagating along H) at 300 K showing Kohn anomaly at
qow (light green vertical strip). Error bars, wherever visible, are one
standard deviation on either side of the marker from the fitting of the
damped harmonic oscillator (see Supplemental Material). (b) Same
as panel (a) but after the thermal cycling 300 K — 30K — 300K to
access the other metastable state.

at qXpw,- Hence, from the measured data for a-, b-, and
c-polarized branches propagating along K, we confirm the
presence of multiple Kohn anomalies in EuTes at q&py,, as
earlier also shown to occur using lattice dynamical suscepti-
bility simulations [16].

Next, we focus on the Kohn anomalies along the compet-
ing H direction. As discussed earlier, the static CDW order
distortion along the a axis is much weaker than the b axis.
Hence, a priori, it is not clear if the Kohn anomaly will be
visible along H. However, simulations in the unmodulated
structure predict lattice instability at g2y, (see SM Fig. S8c).
We measured the phonon energies along [H, 4, 0] direction
to selectively probe b-polarized phonons propagating along
H, i.e., transverse acoustic and optic phonons. As one can
observe from Fig. 7(a), the Kohn anomaly is visible in the
acoustic branch at gf,. Since the Kohn anomalies along H
are also driven by similar FSN and hidden nesting, to confirm
multiple Kohn anomalies along H, we measured along the
[H, 0, 0] direction that selectively probes a-polarized phonons
propagating along H, i.e., longitudinal acoustic and optic
phonons (see SM Fig. S7). The Kohn anomaly along [H, 0, 0]
is evident at ¢y, -

V. LATTICE DYNAMICS EVOLUTION
ON UNCONVENTIONAL HYSTERETIC TRANSITION

After mapping the amplitude mode and Kohn anomalies
along a and b axes, we now investigate their evolution on
unconventional hysteretic transition. Figure 6(c) shows mea-
sured phonon energies at 300 K along [4, K, 0] following the
300K — 30K — 300K thermal cycle (see SM Fig. S5 for
raw data). As one can observe, the large dip corresponding
to the amplitude mode in panel (a) at Xy, has suppressed
on thermal cycling. The suppression of dip could be due to
phonon renormalization from changes in atomic positions (for
example, amplitude Qcpw and relative phase of Te mono- and
bilayer, i.e., ¢ and ¢’) or trivially related to expected phonon
softening/stiffening on first-order CDW phase transition. We
note that the CDW transition here is first-order in nature,
as evident from different Tcpw on heating and cooling [see
Fig. 1(d)]. We discuss below both scenarios.

First, we discuss the expected phonon softening /stiffening
on the first-order CDW phase transition, qualitatively illus-
trated in SM Fig. S9. As described earlier, the [4, K, 0]
direction probes Te-Te trimer distortion that induces the CDW
transition along the b axis. Above Tcpw, the phonon energy
extracted from IXS scans along [4, K, 0] will have a minima at
q¥5w1- The phonon energy at gXy, will continue to decrease
on cooling from T > Tepw to Tepw and dropping to zero at
Tcpw, thus leading to a CDW peak. On cooling below Tg]g%vhng,
acoustic phonons will emerge from the CDW peak along with
the amplitude mode. We did observe weak acoustic phonon
intensity emanating from qX,y, (see SM Fig. S5). Since the
amplitude mode is indicative of oscillations in the CDW order
parameter, its energy will continuously increase on cooling
below TSm"®. This expected trend is observed across phase
transitions in several materials [43]. On subsequent heating,
the amplitude mode energy will drop to zero at ng{gng , as
shown in SM Fig. S9d.

If the above-described scenario of first-order phase tran-
sition is applicable for the suppression of the dip in the
amplitude mode observed in Fig. 6(c), then the Kohn anoma-
lies in b- and c-polarized branches (i.e., along [0, K, 0] and
[0, K, 10]) must not exhibit the suppression. This is because
phonon eigenvectors of b and ¢ polarizations are different
from CDW distortion at q&y, and they do not condense

(ie., drop to zero energy) at qX,y, below oo™, Hence,
to confirm the origin of suppression, we measured phonon
energies along [0, K, 0] on thermal cycling [see Fig. 6(d)]. As
one can observe, similar to the suppression in the [4, K, 0]
direction, the Kohn anomaly is also suppressed at q&py-
Thus, the above measurements and observations suggest that
the renormalization of phonons on thermal cycling must be
due to a change in Qcpw or relative phases ¢ and ¢’, and is
not a consequence of the first-order CDW phase transition.
The role of Qcpw or ¢ and ¢’ is further supported by the mea-
surements of the Kohn anomaly in the competing H axis on
thermal cycling (i.e., along the [H, 4, 0] direction). Here the
Kohn anomaly essentially remains the same [see Fig. 7(b)],
as mono- and bilayer distortions being perpendicular to the
measured polarization do not affect the Kohn anomaly. We
note that IXS measurements were attempted at 600 K and
above under vacuum; however, the sample was not stable. We
observed a continuous decrease of Bragg peak intensity over
several hours, suggesting possible evaporation.

VI. METASTABLE STATES OF UNCONVENTIONAL
HYSTERETIC TRANSITION

Next, we focus on understanding the relative phase dif-
ference of mono- and bilayer distortions, ¢ and ¢’. Note
that in the below discussion, we make inferences from the
measured data and DFT simulations, and the arguments
are by no means conclusive. Firstly, the suppression of the
Kohn anomaly on thermal cycling suggests that the two
metastable states at 300 K are possibly not degenerate.
If two metastable states were degenerate, then we would
have observed the similar lattice dynamics; hence ruling out
configurations where different values of ¢ and ¢’ lead to
degenerate states on thermal cycling, for example, degenerate
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Secondly, the intensity ratios of the (4,0,0) Bragg peak to
the (4,quW],O) CDW peak at 300 K, measured using EXS
measurements are ~29.2 on cooling and ~17.5 on heating
cycle. We simulated several configurations of in-phase and
out-of-phase distortions as shown in Fig. 8 and obtained the
(a) ~36.2, (b) ~537.9, (c) ~122.1, and (d) ~ 78.0 as intensity
ratios. If we reduce the distortion amplitude of monolayers to
zero in panels (a) and (d), the intensity ratios change to ~10.7
and ~245.0, respectively. From the above intensity ratios, we
can exclude the configurations of panels (b), (c), and (d) as
they substantially exceed the measured ratios. The configura-
tion shown in (a) remains one possible arrangement of atoms
in the CDW state. The preference for the configuration shown
in panel (a) is not surprising, as the similar distortion pattern
of the bilayer was also reported for RTe; compounds (R = Ce,
Pr, Nd) [4]. We note that the configuration shown in (b) and
(d) are equivalent to scenarios I(B) and I(A), respectively,
proposed in Ref. [15].

Thirdly, as evident from the appearance of the CDW peak
at (0,4 — 2q’C<DWl, -4+ qéDWI) [see Fig. 4(b)], Te trimers
forms simultaneously with doubling of the unit cell along the
c axis. However, it is unclear whether the doubling is due to
the out-of-phase displacement of Te mono- and/or bilayers
in the adjacent unit cell or equivalently phase shift § along
the b axis in Te mono- and/or bilayer in the adjacent unit
cell. The latter configuration is the same as Fig. 8(a) and
was reported to occur on cooling to 80 K by Wu et al. [14].
To identify the doubling distortion, we simulated both the
scenarios and found both are of same energy separated by less
than 0.1 meV/atom.

Hence, based on the above experiments and simulations,
we propose that the unconventional hysteretic transition is
between the following two states: (i) the configuration shown
in Fig. 8(a) on cooling and (ii) the same configuration but
with reduced monolayer distortion on heating. In both con-
figurations, Te bilayer trimers in the adjacent unit cells are

phase-shifted along the b axis, as shown in Fig. 4(a). As
described earlier, the reduction in monolayer distortion leads
to the decreased intensity ratio of the Bragg peak to the CDW
peak, thus consistent with the measured EXS data. We further
calculated the energy barrier of the transition between the two
metastable states using nudge elastic band (NEB) simulations
and but did not observe any notable barrier [Fig. 8(e)] that
is not compatible with the value obtained from the resistivity
relaxation time (= 1 eV) [15]. If we observe SM Fig. S3,
after thermal cycling, the tails of the (4,0,0) and (0,4,0) Bragg
peaks are broad due to either strain or multiple domains hav-
ing different CDW distortion amplitudes leading to a spread
in lattice parameters. Consequently, as also suggested by
Lv et al. [15], it is likely that strain and/or multiple domains
control the flipping kinetics and barrier of the unconventional
hysteresis.

VII. SUMMARY

In summary, using EXS and IXS measurements com-
bined with DFT simulations, we tracked the evolution of
static CDW order on unconventional hysteretic transition in
EuTe,. Multiple CDW ordering wave vectors along all three
crystallographic axes are identified by extensive mapping in
multiple Brillouin zones. We found a weak CDW order in
the competing a axis, which further weakens (nearly disap-
pears) on thermal cycling. Moreover, we observed multiple
Kohn anomalies at q&py,, thus confirming that FSN and
hidden nesting induce the long-range CDW order and Kohn
anomalies. The amplitude mode and Kohn anomalies are sup-
pressed on thermal cycling, suggesting the presence of two
metastable nondegenerate states. We further identify the two
metastable states driving the unconventional hysteresis; how-
ever, further experimental evidence is necessary to confirm
them. Our study highlights the necessity of EXS and IXS to
measure several orders of magnitude weak static CDW order
(for example, Iyn  /Lso0 ~ 10°), higher-order CDW peaks for
precise determination of qcpw, distinguish static CDW order
from low-energy phonon contribution at qcpw, identify Kohn
anomalies in multiple branches, and unambiguously deter-
mine the origin of CDW.
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