PHYSICAL REVIEW B 110, 045102 (2024)

Phonon softening and atomic modulations in EuAl,

A. N. Korshunov®,' A.S. Sukhanov,” S. Gebel,>* M. S. Pavlovskii,* N. D. Andriushin®,? Y. Gao,’ J. M. Moya®,>%7-*
E. Morosan,’ and M. C. Rahn®?27
' Donostia International Physics Center (DIPC), Paseo Manuel de Lardizdbal, 20018 San Sebastidn, Spain
2Institut fiir Festkorper- und Materialphysik, Technische Universitcit Dresden, D-01069 Dresden, Germany
3Brazilian Synchrotron Light Laboratory (LNLS), Brazilian Center for Research in Energy and Materials (CNPEM),
Campinas, 13083-970 Sao Paulo, Brazil
4Kirensky Institute of Physics, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk 660036, Russian Federation
SDepartment of Physics and Astronomy, Rice University, Houston, Texas 77005, USA
SRice Center Sfor Quantum Materials (RCOM), Rice University, Houston, Texas 77005, USA
"Applied Physics Graduate Program, Smalley-Curl Institute, Rice University, Houston, Texas 77005, USA

® (Received 26 February 2024; accepted 14 May 2024; published 1 July 2024)

EuAly is a rare-earth intermetallic in which competing itinerant and/or indirect exchange mechanisms give
rise to a complex magnetic phase diagram, including a centrosymmetric skyrmion lattice. These phenomena
arise not in the tetragonal parent structure but in the presence of a charge-density wave (CDW), which lowers
the crystal symmetry and renormalizes the electronic structure. Microscopic knowledge of the corresponding
atomic modulations and their driving mechanism is a prerequisite for a deeper understanding of the resulting
equilibrium of electronic correlations and how it might be manipulated. Here, we use synchrotron single-crystal
x-ray diffraction, inelastic x-ray scattering, and lattice-dynamics calculations to clarify the origin of the CDW
in EuAl;. We observe a broad softening of a transverse acoustic phonon mode that sets in well above room
temperature and, at Tepw = 142 K, freezes out in an atomic displacement mode described by the superspace
group Immm(00y )s00. In the context of previous work, our observation is a clear confirmation that the CDW in
EuAl, is driven by electron-phonon coupling. This result is relevant for a wider family of BaAl, and ThCr,Si,-
type rare-earth intermetallics known to combine CDW instabilities and complex magnetism.

DOI: 10.1103/PhysRevB.110.045102

I. INTRODUCTION

Electronic instabilities in the form of charge-density waves
(CDWs) have recently gained increased attention. This is due
to their prevalence in various topical platforms of quantum
matter. CDW order has been found to coexist and/or cou-
ple to diverse emergent phases, whether in transition-metal
dichalcogenides [1], cuprate and iron-based unconventional
superconductors [2—4], or in systems with complex (topolog-
ical) forms of magnetic order [5-7]. Crucially, the ability to
induce, suppress, or modify CDWs could be a powerful means
to tune emergent order parameters of correlated electron sys-
tems. Bottom-up insights into the microscopic mechanisms
that underlie the formation of CDWs in pertinent materials
are, therefore, of great interest.

A familiar CDW scenario is the Peierls instability of a one-
dimensional (1D) metallic chain with one electron per site.
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Here, the perfect Fermi surface nesting (FSN) for umklapp
scattering with momentum transfers Q = 2 kg favors the for-
mation of a commensurate superstructure. Backfolding of the
bands opens up a CDW gap, which implies a metal-insulator
transition (MIT). Coupling to the lattice and the divergence
in the real part of the Lindhard electronic response function
translate to a Kohn anomaly (softening) in the phonon spec-
trum and, eventually, the formation of a periodic structural
distortion at qcpw = 2 kp.

However, even among real one-dimensional materials, the
idealized conditions of the Peierls picture are rarely real-
ized. CDW phases that have been studied in topical two-
and three-dimensional systems bear even less resemblance to
the limiting case of perfect FSN [8,9]. Instead, momentum-
dependent electron-phonon coupling (EPC) may take on the
dominant role. For instance, in the layered quasi-2D CDW
material NbSe;, no FSN is present [10]. Consequently, the
system avoids an MIT—while the phonon spectrum still de-
velops a Kohn anomaly and the associated softening at qcpw .
It has been shown that this form of CDW originates in the mo-
mentum dependence of the EPC matrix element that couples
occupied and unoccupied electronic states with the momen-
tum and energy of the critical lattice fluctuation [11].

Finally, three-dimensional materials have been known to
feature more complex CDW mechanisms involving electronic
correlations (i.e., spin and orbital degrees of freedom and
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their exchange interactions). These systems may contradict
the characteristics of conventional CDWs, e.g., they may
show FSN in the absence of both phonon softening and MIT
[11]. In clarifying such scenarios, momentum- and energy-
resolved evidence from complementary techniques that probe
the chemical structure, lattice fluctuations, and the electronic
structure becomes pivotal [9,12].

The CDW system EuAly has recently gained special atten-
tion because of its potential for nontrivial topology, both in
real and momentum space [13—17]. The electronic structure
of this material features a Dirac point (albeit ~200 meV
above the Fermi surface) and is closely related to the Weyl
nodal ring semimetal EuGay [18]. At Ty = 15.4 K, the large
localized magnetic moments (Eu2+, S =7/2, L =0) order
and open up a complex magnetic phase diagram, including
three reordering transitions at zero field and a sequence of
metamagnetic transitions [15,19].

As is typical for rare-earth intermetallics [20], this com-
plex magnetism can be assigned to a sensitive equilibrium
of long-ranged Ruderman-Kasuya-Kittel-Yosida (RKKY) or
competing indirect exchange mechanisms. In EuAly, the
consequences also include a field-induced skyrmion lattice
[17,21,22]. Topological spin textures in centrosymmetric
crystals are of great interest precisely because of the
highly tunable equilibrium of correlations [23,24], which
replaces the traditional scenario of inversion-symmetry-
broken skyrmion hosts with Dzyaloshinskii-Moriya exchange
[25-31]. The magnetism of EuAl, has been thoroughly char-
acterized by transport measurements [19,32], the anomalous
Hall effect (AHE) [14,33], neutron diffraction [16], and reso-
nant elastic x-ray scattering [21,22].

Crucially, all of these phenomena occur within a CDW-
ordered state that forms in a second-order phase transition at
Tepw = 142 K [33]. The corresponding superstructure reflec-
tions at the propagation vector qcpw ~ (0, 0, 0.18) r.L.u. were
observed early on [13,16]. Notably, the intensity and position
of these CDW reflections show a sequence of characteristic
variations as the material undergoes magnetic transitions. This
points to a pronounced coupling between the CDW and spin
order [15] and calls for a microscopic interpretation of the
CDW formation. Furthermore, among isostructural nonmag-
netic analogs, SrAly is also known to exhibit a CDW [34-36],
while BaAl, is not [35]. The CDW in SrAly is similar to
EuAly: it has the same orientation of the propagation vector
and close periodicity [34]. This suggests that the Eu mag-
netism does not drive the CDW formation in EuAly, which
also occurs on a much higher temperature scale. Nevertheless,
the charge ordering and Eu magnetism may well couple below
the Néel temperature and shape the magnetic phase diagram of
EuAly, including the observed topological magnetic textures.

By now, an array of experimental evidence has been as-
sembled that characterizes the CDW scenario in EuAls: While
there is no MIT, charge-transport measurements do show a
pronounced anomaly [37]. This has been interpreted as a
decrease of hole carriers, which is indeed consistent with the
opening of a 60 meV CDW gap recently observed by optical
spectroscopy [38]. Such details are unfortunately not resolved
by angle-resolved photoelectron spectroscopy (ARPES) [39].
On the other hand, the Fermi surface and dispersive bands
observed in ARPES provide a useful confirmation that

the electronic structure of EuAly is accurately captured by
density-functional calculations in the linear density approx-
imation. Crucially for our interest in the CDW instability,
such calculations reveal that EuAly has a three-dimensional
electronic structure and that there is no pronounced FSN.

In this work, we focus on the crucial open questions
of this puzzle: Does the CDW ordering in EuAly entail a
Kohn anomaly, and what is the microscopic character of the
corresponding lattice fluctuations and periodic atomic dis-
placements? Using x-ray diffraction, inelastic x-ray scattering
(IXS), and density-functional theory (DFT) calculations, we
characterize the distortion mode of atomic displacements in
detail and relate these observations to the pronounced soften-
ing of a transverse acoustic (TA) phonon mode. Our findings
provide a clear confirmation of a recent theoretical study [36].
Specifically, the origin of the CDW in EuAly lies in strong
momentum-dependent electron-phonon coupling, which ap-
pears as a broad peak in the imaginary part of the Lindhard
dynamic electronic susceptibility. Following the classification
by Zhu et al. [9,11], itis a type-Il CDW, i.e., it is not necessary
to invoke electronic correlations to explain this phenomenon.

II. METHODS

High-quality single crystals of EuAly were grown by the
self-flux technique, as previously described in Ref. [32].
The stoichiometry and crystalline quality were confirmed by
energy-dispersive x-ray analysis (EDX) and powder x-ray
diffraction.

Single-crystal synchrotron diffraction experiments were
conducted at the side-station of the ID28 beamline at the
European Synchrotron Radiation Facility (ESRF), using a
wavelength of 0.7839 A(15.8 keV). The diffraction frames
were collected on a Dectris PILATUS3 1M area detector
(pixel size 172 x 172 pum) at a distance of 244 mm from the
sample. The temperature was controlled using a Cryostream
700+ N, gas flow cooler (Oxford Cryosystems). At each
temperature, we recorded one high-flux data set (no atten-
uation) and one diffraction data set (attenuated beam). The
high-flux data, which emphasize low-intensity features next to
oversaturated Bragg reflections, were measured with a 0.25°
angular sample rotation per 1.5 s exposure time.

The observed Bragg reflections were indexed using
CrysAlisPro (Rigaku Oxford Diffraction), and reciprocal
space maps were constructed using the ID28 custom software
ProjectN and plotted in the Albula Viewer (Dectris). The
diffraction data sets, intended for crystal structural refine-
ment, were collected with a strongly attenuated beam, at 1°
angular stepwidth and 0.5 s exposure time, repeated for five
periods. These data were binned with the SNBL toolbox [40]
and integrated using CrysAlisPro. The resulting hklm-list of
intensities, including high-temperature structure peaks (hk[)
and satellites, were processed and analyzed in JANA2006 [41].

Low-energy dispersive lattice fluctuations were charac-
terized by inelastic x-ray scattering, using the same EuAly
crystal, at the IXS branch of ID28. The sample temperature
was controlled with the same Cryostream device as for the
diffraction experiment. The spectrometer was operated with
a Si (999) backscattering monochromator at a wavelength of
0.6968 A (17.8 keV). This configuration provides an energy
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resolution of 3 meV in full width at half-maximum. IXS
energy-transfer scans (at constant momentum transfer) were
obtained in transmission geometry for momentum transfers
along selected high-symmetry directions of reciprocal space.

Al TXS spectra were fitted with a phenomenological model
assuming one Stokes and one anti-Stokes excitation, each
described by the resolution-profile function. The instrumental
resolution was determined from a spectrum collected in the
vicinity of the elastic line of the (2,0,0) Bragg peak. It is well
described by a pseudo-Voigt profile with a full width at half-
maximum of 3 meV. The phenomenological fits, therefore,
have two free parameters: the energy of the excitation and its
intensity.

The lattice dynamics of EuAly were calculated using the
projector-augmented wave (PAW) method [42] and density-
functional theory (DFT) as implemented in the VASP software
[43,44]. The generalized gradient approximation (GGA) func-
tional with Perdew-Burke-Ernzerhof (PBE) parametrization
[45] was used. An 8 x 8 x 8 k-point mesh (Monkhorst-Pack
scheme [46]) was used for Brillouin zone integration. The
plane-wave cutoff was set to 400 eV. The 4f electrons
of Eu were assumed as not valent and frozen in the core
(non-spin-polarized calculation). No magnetic structure has
been assumed because the CDW transition in EulAl; occurs
at a temperature much greater than the magnetic ordering
temperature. Phonon band dispersions were calculated with
the finite-difference method using PHONOPY [47] on a (3 X
3 x 4) supercell of the conventional tetragonal cell. The re-
laxed lattice parameters amounted to a = b = 4.38036 and
¢ =11.19460 A, in good agreement with the experimental
values.

III. RESULTS AND DISCUSSION
Modulated crystal structure

First, we verified that EuAl4 at room temperature is well
described by the BaAly-type tetragonal (/4/mmm) crystal
structure with lattice parameters a = b = 4.412(1) and ¢
= 11.189(5) A, as shown in Fig. 1(a) [13,33]. At Tepw =
142 K, the material continuously transitions to the CDW
state. As illustrated in Fig. 2, this is observed as the ap-
pearance of satellite reflections (hk [+ Al) around the main
Bragg peaks (Fig. 2). We obtain a CDW propagation vector
of qcpw = (0,0, y), with y = 0.176(8) r.l.u. at 100 K and
smoothly decreasing upon cooling, in agreement with the pre-
vious observations [15]. This corresponds to a superstructure
periodicity on a lengthscale of &~ 6 nm, which weakly and
continuously increases upon cooling (data not shown) [15].

The intensity maps constructed from high-flux data shown
in Fig. 2(d) highlight the presence of up to third-harmonic
satellites, with an exponential decay in intensity. Notably,
the intensity of the first satellites drops sharply as the
main peaks depart from the (HKO) plane and approach the
(00L)-direction. This reveals that the atomic displacements
predominantly exhibit a transverse-wave character, i.e., lat-
eral ionic displacements within the a-b plane. In contrast to
earlier reports [16], the unattenuated intensity maps do reveal
finite satellite intensities in the (OOL) direction. These peaks
are approximately two orders of magnitude weaker than the

Eu
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FIG. 1. (a) I4/mmm tetragonal parent structure of EuAly, cor-
responding to the BaAly structure type, a parent variant of the
ThCr,Si,-type ternary materials. (b) Illustrations of the three can-
didate atomic displacement modes that are compatible with x-ray
diffraction [48]. The possible atomic displacements in the a-b plane
are illustrated with respect to the structural unit selected in panel (a).

prominent satellites with /i, k > [, which explains why these
features were previously overlooked. In real space, this cor-
responds to slight ionic displacements out of the a-b plane,
likely associated with the rotation of atomic bonds. For sim-
plicity, we neglect this observation in the symmetry analysis
of the distortion mode (it would strictly require the admixture
of additional irreducible representations).

To clarify the nature of this incommensurate CDW of
EuAly, we have tested several nonisomorphic superspace
groups compatible with the propagation qcpw for the data
collected at 100 K. The structural modulations in the a-b plane
may break the fourfold rotational symmetry of 14/mmm, al-
though this does not necessarily imply an orthorhombic lattice
distortion. Within the resolution of our experiment, no split-
ting or broadening of the parent structure Bragg reflections
is observed at Tcpw. In the case of orthorhombic symme-
try, the observed fourfold symmetry of CDW superstructure
intensities is explained by the expected equal population of
modulation domains.

A satisfactory description of our data can be achieved
within three models of the CDW, listed in Table I and il-
lustrated in Fig. 1(b) [48]. Of these, two are orthorhombic,
Immm(00y )s00 and Fmmm(00y )s00, and one is tetragonal,
1422(00y )¢00, with a helical modulation. It should be noted
that the /mmm and Fmmm space groups are centrosym-
metric. The noncentrosymmetric /422, on the other hand,
would allow the Dzyaloshinskii-Moriya exchange interaction
(DMI), which is the prerequisite for chiral textures in many
skyrmion lattice hosts. However, the skyrmions in EuAly are
thought to arise from the competing itinerant (RKKY) ex-
change couplings, rather than from the DMI. The presence
of orthorhombic distortions in EuAly was also proposed in
a recent diffraction study by Ramakrishnan et al. [13], who
considered Immm(00y )s00 and F mmm(00y )s00 as candidate
modulations. The number of unique reflections used in the
refinement depends on the choice of space group and the
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FIG. 2. Characteristics of single-crystal x-ray diffraction of EuAly at 293 K (top) and 100 K (bottom). (a), (b) Reconstructed intensity
maps of the (0 K L) reciprocal plane (note the nonlinear color scale). (c), (d) Magnified views of the (03 1) and (0 02) Bragg peaks and their
intensity distribution along (00 L). (e), (f) The model-calculated structure factor F,. for the observed Bragg peaks plotted against the extracted

experimental values Fy,s, demonstrating the quality of the refinement.

implied averaging of equivalent reflections. With respect to
the average structure (main peaks), all three solutions provide
a good description. The tetragonal model yields a slightly
better R,-factor, likely because it accounts for fewer of the
observed main Bragg peaks. Notably, all three models de-
scribe the satellite intensities equally well [see Ry (sat) in
Table I].The shift of the atoms with respect to the main crys-

TABLE I. Crystallographic information of EuAl, obtained from
single-crystal structural refinement of ID28 data (A = 0.7839 A)
collected at 100 K. Criterion of observability is I > 3o (I).

Space group Immm(00y)s00 Fmmm(00y)s00 1422(00y )q00
Number 71.1.12.2 69.1.17.2 97.1.21.2
Crystal system  Orthorhombic Orthorhombic Tetragonal
a, A 4.3983(16) 6.2189(15) 4.3986(16)
b, A 4.3989(8) 6.2222(15) 4.3986(8)
c, A 11.191(8) 11.191(8) 11.191(8)
v, A 216.52(18) 433.0(3) 216.52(18)
Ry (all), % 3.96 4.12 3.48
Ry (main), % 3.80 4.01 3.20
Ry (sat), % 4.67 4.62 4.65
GOF 2.51 2.81 2.30
Parameters 13 12 11

No. of reflections:

main 52 47 40
satellites 89 81 71

tallographic axes denoted as i = x, y, z can be described by
u; = U} sin(27 gepw z) + US cos(2m gepw 2),

where z denotes the atomic position along the [001] crystal-
lographic direction, and the coefficients U;*“ are the refined
amplitudes (as implemented in JANA2006). The symmetry op-
erators of the space group further describe modulation phases
on different atomic positions and constrain the direction of
the modulations. For example, the orthorhombic space group
Fmmm(00y)s00 corresponds to an incommensurate super-
structure where all atoms have displacements in the a-b plane
along the diagonals of the parent tetragonal unit cell; see
Fig. 1(b). The twin volume ratio of the Fmmm orthorhom-
bic domains was refined to 0.5003:0.4997(158). Different
displacements are obtained for 7422(00y )q00, where the
symmetry restrictions imply the dependence of x and y dis-
placements for aluminum atoms as |U;| = |Uy| and U] = Uy.
This corresponds to an incommensurate helical modulation.
By contrast, Immm(00y )s00 results in atomic displace-
ments only along the a-axis, as also seen in Fig. 1(b). The
equivalent CDW domain with displacements along the b-axis
would be described by Immm(00y)0s0. In analogy to the
Fmmm case, the joint refinement of both yields an equal
population, 0.509:0.491(13). An interpretation of the Immm
superstructure as a translation and rotation of quasirigid All-
Al2 bonds in the a-c plane would require finite out-of-plane
displacements, in agreement with the weak (0, 0,/ £ qcpw)
satellites discussed above. Most importantly, /mmm provides
the most compelling solution in light of our IXS results (see
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FIG. 3. Energy-momentum IXS maps for the (0, 3, 1-L) reciprocal direction, i.e., the I'-Z path of the Brillouin zone, at 7 = 150, 200, 293,
and 400 K. The symbols plotted over the color maps mark the excitation energies inferred from phenomenological fits to the spectra.

below) because it closely resembles the single transverse
acoustic phonon that softens when cooling to Tcpw.

B. Lattice dynamics
1. Inelastic x-ray scattering

Having discussed the modulated crystal structure as ob-
served in diffraction, we turn to our observations using
inelastic x-ray scattering (IXS). Since the CDW propagation
vector in EuAly lies along I'-Z, we collected IXS spectra
at momenta along this Brillouin zone path. The IXS cross
section is largest when the overall momentum transfer Q of
the scattering process and the polarization of the phonon are
parallel. Moreover, the scattered intensity increases quadrati-
cally with Q. Given the transverse CDW modulation observed
in diffraction, we focused on the region around (0,3,1) to
optimize the relevant phonon mode within the range of
momentum-transfer accessible in our setup.

Figure 3 summarizes IXS spectra in the range of (0, 3, L)
[0 <L <1 rlu] in the form of energy-momentum (E-Q)
maps. The data cover both Stokes (E > 0) and anti-Stokes
(E < 0) spectra for a series of temperatures between Tepw =
142 and 400 K. To highlight the relevant mode, we focus
on the low-energy (< 10 meV) part of the phonon band
structure (ab initio calculations have predicted a phonon cutoff
of ~40 meV in isostructural BaAl, and SrAly [36]).

At T =400 K, a well-defined transverse acoustic (TA)
mode can be resolved, which emanates from the (0,3,1) Bragg
peak and disperses up to ~5 meV at the BZ boundary at
L = 1. This mode disperses almost linearly up to L ~ 0.5, i.e.,
without an obvious anomaly at qcpw. However, the analysis
presented below reveals that, even at 400 K, this phonon
already exhibits a broad softening that bends the mode down-
wards compared to a bare sinusoidal dispersion.

Figure 3 further shows that this TA phonon softening
becomes more apparent at 293 K and below. Upon cool-
ing, the mode develops a dip around Q ~ (0, 3, 0.8), where
CDW Bragg peaks are observed in low-temperature diffrac-
tion experiments. For a more quantitative analysis, we fit
the IXS spectra using a phenomenological model with two

pseudo-Voigt peaks at opposite energy transfers (Stokes and
anti-Stokes pairs). The excitation energies inferred from these
fits is superposed on the color maps in Fig. 3.

In Fig. 4(a) we illustrate the temperature dependence of the
spectrum at Q = (0, 3, 0.8) = (0, 3, 1) — qcpw in detail. The
mode softening can be clearly seen in the raw data as, upon ap-
proaching Tcpw, the two semiresolved peaks collapse into the
elastic line. The resulting thermal variation of this CDW gap
is drawn in Fig. 4(b). The closing of the gap is well-described
by a power law, E; o< /T /Tcpw — 1. This highlights that the
CDW formation in EuAly is not fully captured by the critical

1400
w
5 @
o | 3
5 300 3
2 o
@ c
) )
E =
- =
X 1200
100

Energy (meV)

Eq (meV)

FIG. 4. (a) IXS spectra at Q = (0, 3, 0.8), at different temper-
atures. The solid lines illustrate the phenomenological fit of two
pseudo-Voigt line shapes. The shaded areas show the two individ-
ual (Stokes/anti-Stokes) contributions. Black markers indicate the
centers of the fitted peak functions. (b) The resulting energy of the
phonon mode at (0,3,0.8) as a function of temperature. The solid line
shows the power law indicated in the figure.
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energy scale Tepw &~ 142 K (12 meV), but is associated with
a mechanism that is already in place well above room temper-
ature.

Throughout the spectra, the line shapes of phonon excita-
tions do not deviate significantly from a Voigt peak of FWHM
3 meV with a Gaussian/Lorentzian ratio € = 0.65. This in-
strumental resolution function was determined independently
by calibration with a standard sample and confirmed by the
elastic line of our sample. The observed phonon mode thus
appears to be resolution-limited in the entire Brillouin zone,
including the vicinity of the CDW propagation vector. No-
tably, ab initio calculations by Wang et al. [36] predicted a
finite inverse lifetime of the soft TA mode in EuAl reaching
its maximum value of ~20 peV at around L = 0.4. Quantita-
tive measurements of this linewidth would be of great interest,
given its direct relation to EPC [11]. However, it lies well
beyond the resolution of IXS.

The variation of excitation energy, the softening AE (rela-
tive to 400 K), and the spectral weight between the Brillouin
zone center and boundary (I"-Z) are summarized in Fig. 5.
Specifically, Fig. 5(b) reveals that AE is not localized at the
propagation vector qcpw. Instead, between 400 and 293 K,
the energy of the TA mode is lowered by 0.3 meV throughout
the entire Brillouin zone. On a scale of =200 K, a broad
and asymmetric AE develops, peaked around qcpw. The
Q-dependence of this feature characterizes the momentum-
dependent electron-phonon coupling in EuAly. A quantitative
comparison to ab initio computational models would be of
great interest but lies beyond the scope of the present study.
For reference, similar softening profiles to those in Fig. 5(b)
have been reported for the transverse acoustic phonon mode in
the structurally related iron-based superconductor BaFe,As,
and related materials [49,50].

As shown in Fig. 5(c), the phonon softening is accom-
panied by increased IXS spectral weight. Upon cooling, the
mode intensity at the Brillouin zone boundary and in its vicin-
ity is suppressed, in agreement with the thermal population
factor. In the vicinity of the CDW peak, the phonon shows
a significant gain in its spectral weight. As it approaches the
elastic line below Tcpw, it diverges and eventually acquires
the intensity of the satellite peaks observed in diffraction.

2. Calculated phonon bands

To understand the connection between the observed soften-
ing of the TA phonon and the resulting CDW structure below
the transition temperature, we carried out first-principles cal-
culations. In contrast to the previous theory work on the lattice
dynamics in EuAly [36], we applied a nonrelativistic approach
without spin-orbit coupling. We also did not take into ac-
count any perturbative electron-phonon interactions. Instead,
our calculations are meant to reproduce the phonon spectra
of the undistorted parent structure. The purpose of such an
approach is twofold. First, we can compare the calculated bare
(unsoftened) TA mode with the experimental observations and
thus infer the incipient softening well above Tcpw. Second, the
resulting eigenvectors of the normal modes can be used to cal-
culate IXS intensity maps at different (kkl). This allows us to
distinguish different low-energy modes of the same symmetry
by their spectral weights in different Brillouin zones.
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FIG. 5. (a) The full TA mode dispersion at different temperatures
extracted from the fits to the IXS data (symbols); the solid lines are
guides to the eye. (b) The mode softening over the whole momentum
range defined as AE = E(T) — E(T = 400 K) (symbols); the solid
lines are guides to the eye. (c¢) The intensity of the mode as a function
of the momentum at different temperatures (symbols); the solid lines
are guides to the eye.

Figure 6 shows the calculated phonon dispersion and IXS
intensity at momenta between (0,3,1) and (0,3,0), as in our
experimental data. No imaginary modes appear in our calcu-
lations as the parent crystal structure appears stable without
spin-orbit coupling. For a direct comparison with the ex-
perimental data, the calculated IXS intensities are shown
convoluted with our experimental resolution. By symmetry,
the acoustic phonons consist of one doubly degenerate TA
mode and one longitudinal (LA) mode. Within the considered
energy range, the calculations also predict two upward dis-
persing optical modes with ~9 and ~13 meV at the I"-point
and one optical mode that weakly disperses downwards from
I' to Z in the range of ~15 to ~14 meV. As can be seen, only
the lowest-energy TA mode carries significant spectral weight
in the (0,3,1) and (0,3,0) zones. This verifies that we indeed
observe a softening of the acoustic phonon in the experimental
spectra. The calculated TA dispersion is in good agreement
with the 400 K experimental data.
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FIG. 6. The phonon band structure of EuAl, obtained from ab
initio calculations (solid lines) and the calculated IXS intensity (color
map), shown in comparison with the dispersion measured at 400 K
(markers).

As our lattice-dynamics calculations adequately reproduce
the bare TA dispersion well above the CDW transition, we can
now investigate the predicted displacement of the TA mode
around qcpw. Ultimately, a direct comparison between the
displacement pattern of the bare phonon mode and the refined
CDW structure shows to what extent the CDW can be viewed
as a freezing-out of the TA vibration.
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FIG. 7. (a) Comparison of the dynamical atomic displacements
in the transverse optical (left) and acoustic (right) phonon modes
at Q =0.18 rlu. of the mean tetragonal structure above Trpw
(14 /mmm unit cell indicated). Black bars emphasize shifts away from
the mean positions. The extent along the c-axis drawn in the fig-
ure corresponds to around half the phonon wavelength. Note the large
variation of Al1-Al2 bonds in the TO mode. (b) Corresponding view
of the static Immm CDW structure. The displacement amplitudes
obtained from x-ray diffraction are magnified by x7. A perspective
view of the same structure is added as a guide to the eye.

Figure 7 shows snapshots of the TA and the lowest-energy
(9 meV) TO mode next to the Immm(00y )s00 CDW model
refined on our x-ray diffraction data. To draw the phonon dis-
placements of the doubly degenerate modes, we chose a basis
along the crystal a and b axes where in one component of the
doubly degenerate mode all the atoms shift along the crystal a
axis to have a clear comparison with the CDW structure. It is
thus convenient to draw the displacement pattern strictly in the
xz plane. The TO mode might be a viable alternative candidate
for a soft mode, given that it has the same symmetry as the TA
mode along the reciprocal path I'-Z.

The acoustic displacements [Fig. 7(a)] consist predomi-
nantly of coordinated quasirigid transverse oscillations of the
All (z = 0.38)-Al2 (z = 0.25) zigzag chains. The quasirigid
chains are occasionally alternated by the chains in which the
All and Al2 positions are imbalanced towards dimerization
across the wave. This is highlighted by the bond thickness
in Fig. 7. Such a zigzag-chain displacement pattern is clearly
identified in the refined CDW structure, yet without alternat-
ing dimerization due to slightly different phases of the Al
atoms within the primitive unit cell. In contrast, the TO mode
[Fig. 7(a)] features a pattern where the All (4e) atoms at
y = 0.5 move in accord with the Al2 (4d) atoms aty = 0 (and
vice versa). This results in dimerization of the Al1-Al2 atoms
across the entire wave propagating along z.

Since there is only one Eu atom per primitive unit cell, it
can only accommodate one simple harmonic displacement in
both the TA and TO modes. Notably, in the TA mode, the dis-
placements of Eu atoms exhibit a much larger amplitude than
the Al atoms. This may be expected for a low-energy mode,
dominated by the motion of the heavier atoms (conversely,
the amplitude of the fluctuations of the Al ions dominates for
the TO motion). In the static limit probed by our diffraction
experiment below Tcpw, both Eu and Al atoms approach ap-
proximately equal displacements. This makes for a consistent
picture in terms of atomic bonding: Above Tcpw, lighter ions
perform small-amplitude fluctuations around the mean posi-
tions of the heavier ions. Then, in the charge ordering process,
elastic energy is gained by integrating the Al displacement
into the large-amplitude modulation determined by the frozen-
out motion of the Eu ions.

IV. CONCLUSION

In this work, we have clarified the role of lattice fluctua-
tions in the charge-density-wave transition (Tcpw = 142 K) of
the rare-earth intermetallic EuAly. This material is currently
of interest due to its potential for topologically nontrivial
bands and its field-induced centrosymmetric skyrmion phase
(Ty = 15.4 K). We find that acoustic fluctuations of the Eu
and Al atoms along the a and b axes continuously soften
upon cooling, starting already well above room temperature.
At Tepw, this motion, with a modulation length of about five
unit cells along the c-axis, freezes out, with similar (in-plane)
displacement amplitudes for all atoms. Our sensitive measure-
ment detects that the CDW also entails weak out-of-plane
atomic displacements (on the order of percent of the in-plane
displacement), likely required by the stiffness of the rotating
atomic bonds.
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Kohn anomalies and phonon softening are an impor-
tant characteristic that distinguishes more conventional CDW
mechanisms from those involving strong electronic correla-
tions [9,11]. Our finding fully confirms the recent in-depth
computational study by Wang et al. [36], which is also con-
sistent with experimental insights on the electronic structure,
including charge transport [33,37], angle-resolved photoemis-
sion [39], and optical spectroscopy [38].

This previous work found that EuAl; has a rather
three-dimensional electronic structure—there are only weak
indicators of Fermi surface nesting, although the real part of
the Lindhard susceptibility Re(y) does form a small max-
imum at qcpw [36,39]. The resulting back-folding indeed
opens up small gap in the Dirac-like hole pocket on the I'-Z
path [37,38]. However, given that Re(y ) varies by only ~5%
throughout the Brillouin zone, such imperfect Fermi surface
nesting can be ruled out as a driving mechanism of the CDW
[36]. Instead, calculations pointed to a dominant electron-
phonon coupling for a transverse acoustic phonon mode,
which resembles the broad momentum-dependent phonon
softening AE (Q) that we have now observed in experiment.

CDW-driven phenomena in quantum matter continue to
challenge experimentalists because there is not one single
technique that can pin down the underlying mechanism. At
the same time, precisely this variability adds to the promise
of this research. For instance, the topological phases of EuAly

have recently inspired studies of structural relatives like the
Eu(Ga,Al)s series [51]. In the case of EuGa,Al,, highly
unusual forms of magnetic order [52] and a putative field-
induced skyrmion lattice [17] have been reported—again in
the presence of a CDW instability. Towards a global under-
standing of these materials, it will be of great interest to study
how the present findings are modified by chemical substitu-
tion and/or external parameters like hydrostatic or uniaxial
pressure.
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