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We provide information about the progression of the structurally low-dimensional superconductor Sc;CoCy
from its high-temperature phase to its Peierls-type distorted low-temperature phase. Results from inelastic
x-ray scattering, diffuse scattering, and high-resolution x-ray diffraction experiments provide conclusive evi-
dence that the onset of a modulation in the atomic positions during the structural transition is primarily driven
by a combination of phonon softening and order-disorder transition. The completion of the phonon softening
process at ~150 K is found to be followed by two additional stages, i.e., an accumulation of gradual structural
changes between 150 and 80 K and their saturation into the final low-temperature phase structure below ~80 K.
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I. INTRODUCTION

Per definition the onset of superconductivity affects the
electron system of a material by coupling electrons into
Cooper pairs [1]. However, the emergence of superconductiv-
ity critically depends on a suitable phononic and electronic
structure and consequently on the electronic nature of the
atoms in the host lattice and their chemical connectivity. This
reasoning is driving an ever increasing number of ab initio
efforts to discover new superconductors [2,3] and has led to
the successful prediction of superconductivity in H3S [4,5]
and LaH;q [6,7] under high pressure and at record-high tem-
peratures.

However, the arrangement of atoms in the crystal structure
of a superconductor does not necessarily remain stable upon
cooling from room temperature towards its 7;. At present,
a wide and diverse field of compounds is known, where
small structural changes occur that either are in competition
with the onset of superconductivity, leave it unaffected, or
even lead to its stabilization [8§-26]. These structural changes
can be subtle and solely indicated by an anomaly in the
thermal expansion directly above the T, as exemplified by
the broadly known MgB, [27-29]. However, they may also
break the rotational and/or translational symmetry of the
crystal structure as demonstrated by the trigonal-to-triclinic
phase transitions in the Chevrel phases [8—10,26,30-32] or the
tetragonal-to-orthorhombic phase transitions in the iron-based
superconductors [12—16,33]. Intriguing hybrids between elec-
tronic and structural phase transitions are the charge-density
waves forming in quasi-one-dimensional [34—37] and quasi-
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two-dimensional (quasi-2D) superconductors [35,38-44] as
well as copper-oxide-based superconductors [17-25,35].

Also in the transition-metal carbide Sc3CoC,4 [45-57], a
Peierls-type structural phase transition from an orthorhom-
bic high-temperature (HT) phase (space group Immm, No.
71 [58]) to a monoclinic low-temperature (LT) phase (space
group C2/m, No. 12 [58]) is potentially related to the for-
mation of its superconducting phase. The crystal structure
of the compound (Fig. 1) is coined by a low-dimensional
motif featuring infinite [Co(C; )] ribbons (joined by sticks
in Fig. 1). In the undistorted high-temperature phase, these
ribbons are aligned along the crystallographic byt axis and
form quasi-2D layers in the ayr-byr plane by an alternating
stacking with scandium atoms (labeled as Scl; pink spheres
in Fig. 1). These layers are in turn structurally separated by
interjacent layers of scandium atoms (labeled as Sc2; orange
spheres in Fig. 1).

Upon cooling to temperatures below 80 K, the Peierls-type
structural distortion in Sc3CoC4 leads to a modulation of the
positions of Co and Scl atoms within the agr-byr plane,
before superconductivity sets in at 7, ~ 4.5 K [46-50,54,56].
Application of pressure simultaneously raises the onset tem-
perature of the structural distortion and drastically increases
the superconducting sample fraction while leaving the su-
perconducting 7. unchanged [51,57]. Recently, we provided
experimental and theoretical evidence hinting at the existence
of a soft phonon mode causing dynamic LT-phase-like struc-
tural distortions already at room temperature [50]. It is also
this phonon mode that seems to be a key driver of the super-
conductivity in Sc3;CoCy, as pointed out by theoretical work
of Zhang et al. [55].

In the following, we present experimental results from
temperature-dependent x-ray diffraction and inelastic x-ray

©2023 American Physical Society
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FIG. 1. (a) Ball-and-stick representation of the structure of
Sc3CoCy in its orthorhombic high-temperature (HT) phase. Infinite
[Co(C;,),2]x ribbons are aligned along the byr axis and connected
into layers in the ayr-byr plane by interjacent scandium atoms (la-
beled as Scl). Additional linear chains of Co and Scl atoms within
the layers (indicated by dashed lines) span along the ayr and byr
axes, respectively. Neighboring Co-Sc1-C layers along the cyr axis
are structurally separated from each other by layers composed exclu-
sively from scandium atoms (labeled as Sc2). In (b) and (c) the cell
transformation relating the unit cells of the orthorhombic HT-phase
structural model (dashed black lines) and the monoclinic LT-phase
structural model in its conventional setting [45-52] (solid red lines)
is visualized in views towards the byr-cyr plane (b) and the ayr-bur
plane (c).

scattering studies which provide more detailed insight into the
progression of Sc3;CoCy4 towards its structural distortion.

II. METHODS

A. Investigated samples

Needle-shaped single crystals of Sc;CoC4 were grown ac-
cording to methods described elsewhere [45,46,51,56]. Single

crystals investigated in inelastic x-ray scattering (IXS), dif-
fuse scattering (DS), and x-ray diffraction (XRD) experiments
under ambient-pressure conditions had typical dimensions of
approximately 50 x 50 x 200 um? (full experimental details
can be found in the Supplemental Material [59]).

B. Inelastic x-ray scattering

The IXS experiments were conducted using the high-
resolution spectrometer at beamline ID28 of the European
Synchrotron Radiation Facility (ESRF; see Refs. [60,61] for
a description of the beamline layout). Energy scans with a
resolution of 3 meV (full width at half maximum) were taken
at positions (2,0,0) and (3, 1, 0) employing an incident beam
with energy 17.8 keV (A = 0.6968 A) monochromatized by
a silicon backscattering monochromator set at the (9,9,9)
reflection order. Phonon energies were extracted from the
collected IXS spectra by least-squares fitting with a damped
harmonic oscillator model as implemented in the software
FIT28 [62]. Calculated IXS spectra were thereby folded with
an instrumental energy resolution function as determined
in the measurement of the elastic line of an acrylic glass
[poly(methyl methacrylate) (PMMA)] sample at a tempera-
ture of 15 K.

C. Diffuse x-ray scattering

Measurements of the DS and temperature-dependent vari-
ations in the Bragg peak positions were carried out at the side
station of beamline ID28 at the ESRF using a monochromatic
beam with the same energy as in the IXS experiments (17.8
keV) and the energy-integrating hybrid-pixel detector Dectris
PILATUS3 X 1M. Diffuse scattering features were studied by
means of reconstructed sections of reciprocal space generated
with the program CRYSALISPRO [63]. Peak position analyses
were performed by means of a program locally developed
at beamline ID28 using orientation matrices and instrument
models from the program CRYSALISPRO [63] as input. The
experimental setups for the investigation of IXS, DS, and
reflection positions relied on Oxford open-flow N, coolers
[64] to reach low temperatures in the range between 80 and
300 K.

D. X-ray diffraction

Single-crystal XRD data under ambient-pressure condi-
tions were collected employing three different experimental
setups: Synchrotron XRD experiments were performed at
beamline P24 of the PETRA III extension at the Deutsches
Elektronen-Synchrotron (DESY) using a monochromatic
beam with energy 24.8 keV (A = 0.5000 A), a Huber four-
circle Eulerian cradle goniometer, and the hybrid-pixel
detector Dectris PILATUS3 X CdTe 1M. Sample tempera-
tures in the range between 50 and 175 K were thereby realized
by means of a Cryocool open-flow cooler employing helium
as a cooling gas. Resulting XRD data were processed with
the program CRYSALISPRO [65] to generate reconstructed sec-
tions of reciprocal space with high resolution.

Laboratory-scale XRD experiments in the temperature
range between 80 and 300 K were performed using a Bruker
SMART APEX diffractometer featuring a D8 goniometer,
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an Incoatec AgK, microfocus sealed-tube x-ray source (A =
0.56087 A), an APEX 11 charge-coupled device (CCD) de-
tector, and an Oxford open-flow N, cooler [64] (subsequently
referred to as “laboratory-scale instrumental setup 17). The
collected XRD data sets were processed using the program
SAINT [66] to determine unit cell parameters and reflection
intensities corresponding to the orthorhombic and monoclinic
unit cells of HT-phase and LT-phase structural models.

Additional laboratory-scale XRD experiments in the tem-
perature range between 10 and 300 K were performed
employing a Huber four-circle Eulerian cradle goniometer
fitted with an Incoatec AgK, microfocus sealed-tube x-
ray source (A = 0.56087 /0\), a Dectris PILATUS3 R CdTe
300K hybrid-pixel detector, and an Advanced Research Sys-
tems closed-cycle helium cryocooler with domed beryllium
vacuum and radiation shields (subsequently referred to as
“laboratory-scale instrumental setup 2”; see Ref. [52] for
a detailed description). The collected XRD data sets were
processed using the program EVAL14 [67—69] to determine
unit cell parameters and reflection intensities corresponding
to the orthorhombic and monoclinic unit cells of HT-phase
and LT-phase structural models.

Reflection intensities obtained from both laboratory-scale
instrumental setups were subjected to scaling and absorp-
tion correction using the programs SADABS [70,71] (HT-phase
structural models) or TWINABS [71,72] (LT-phase structural
models). On this basis, least-squares structural refinements
at the independent-atom-model (IAM) level were performed
with the program JANA2006 [73,74].

E. Density functional theory calculations

Electronic structure calculations based on density func-
tional theory (DFT) have been performed employing the
WIEN2K package [75,76]. Starting points of the electronic
structure calculations on Sc3;CoCy4 at room temperature (RT),
100 K, and 12 K were the XRD structural models in this
paper. Reciprocal-space sampling for the self-consistent field
cycles employing the Perdew-Burke-Ernzerhof (PBE) density
functional [77,78] and the density of states calculations was
done on a 21 x 21 x 21 mesh of 1331 irreducible k points
for the orthorhombic HT phase and a 22 x 20 x 22 mesh
of 2530 irreducible k points for the monoclinic LT phase.
The muffin-tin radii were set to 2.20, 2.40, and 1.37 bohrs
for cobalt, scandium, and carbon atoms, respectively, and
RiniKmax = 8.0 and [i.x = 10 were used throughout. For the
graphical representation of the total and site-projected density
of states a Gaussian broadening of 0.001 was applied. Phonon
dispersion relations have been obtained based on the calcula-
tions published earlier in Ref. [51]. To avoid an unnecessary
backfolding of the phonon branches, the dispersion relations
have been calculated with respect to the primitive unit cell.

III. THE PEIERLS-TYPE STRUCTURAL DISTORTION
IN SC3COC4

The presence of a Peierls-type structurally distorted low-
temperature phase in the transition-metal carbide Sc3;CoCy
has been observed in several earlier investigations [46-52].
It could be shown that the structural changes between the

FIG. 2. Sketch of the basic atomic displacement pattern in the
ayr-byr plane that characterizes the phonons in the soft branch
between high-symmetry points 7 and W of the phonon dispersion
of HT-Sc;CoCy4. Note that linear chains of Co and Scl atoms are
indicated by dashed lines and that Sc2 atoms have been omitted for
clarity. The Brillouin zone corresponding to the orthorhombic unit
cell of the HT-phase structural model is sketched as an inset at the
bottom right with primitive reciprocal cell axes indicated by green
arrows.

high-temperature (HT) phase (space group Immm, No. 71
[58]) and the low-temperature (LT) phase of the compound
(space group C2/m, No. 12 [58]) mainly affect linear chains
of Co and Scl atoms spanning along the ayr axis and the byr
axis, respectively (highlighted by dashed lines in Figs. 1 and
2). While the atoms within the chains are equispaced in the
HT phase, they form Co-Co and Scl-Scl dimers in the LT
phase. This basic distortion pattern was also found to persist
in subtly modified form under hydrostatic pressure [51,52].

The reduction of the space group symmetry due to the
Peierls-type structural distortion proceeds via two steps, i.e.,
a translationengleiche (t2) step from space group Immm to
space group /112/m followed by an isomorphe (i2) step
to space group B112/m (unconventional setting). Subse-
quent standardization of the unit cell setting leads to space
group C2/m in line with literature records [46,48,49]. A
Bérnighausen diagram of the symmetry thinning can be found
in Fig. S1 of the Supplemental Material [59].

Taking into account the aforementioned symmetry char-
acteristics, the HT-LT phase transition in Sc3CoC4 can be
classified as improper ferroelastic [79-81]. Consequently, it
may be accompanied by the formation of antiphase domains
as well as (pseudo)merohedral twin domains with two distinct
orientation states [79,82,83] related, for example, by a mirror
plane perpendicular to the ayr axis. The presence of twinning
in LT-Sc3CoCy is clearly recognized in XRD data collected
at ambient pressure [46-52], although definitive experimental
information about the explicit spatial arrangement of twin
domains in the crystal is still lacking. Application of pressure
has been observed to favor one twin domain state over the
other leading to a detwinning of the sample [51,52].

Although a continuous second-order transition from the
HT-phase space group I/mmm to the LT-phase space group
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C2/m is allowed by symmetry arguments [84], the HT-LT
transition in Sc3CoC,4 at ambient pressure seems to proceed
from the HT phase [stage (i)] via an intermediate stage be-
tween 149 and 82 K [stage (ii)] to the final LT phase below
82 K [stage (iii)]. However, the assertion of an intermediate
stage of the HT-LT transition in Sc3CoC4 has been entirely
phenomenological. It is based on the observation that the
superstructure reflections characteristic of the reduction of
translational symmetry in the monoclinic LT phase already
appear at 149 K and not just below 82 K. In particular, cooling
to below 149 K first leads to a gradual increase of the intensity
at the superstructure reflection positions and then to another
Jjumplike intensity increase at 82 K [see the red and green di-
amonds in Fig. 3(b)], while there is no experimental evidence
for any further global symmetry reduction at this temperature
[50,51]. Furthermore, distinct anomalies are observed in the
electrical resistivity and the magnetization of Sc;CoC4 sam-
ples at both 149 and 82 K [47-51,57].

A previous combined diffuse x-ray scattering and density
functional theory (DFT) study [50] suggested that the insta-
bility of Sc3CoC4 towards a Peierls-type structural distortion
might be related to a soft branch between high-symmetry
points W and T of the phonon dispersion relation of HT-
Sc3CoCy4 (a sketch of the Brillouin zone is given as an
inset in Fig. 2). All soft phonons along the path W-T in-
volve rotations of Co@-Sc1@-Co®-Sc1® quadrangles in
the apr-bgr plane about the cyr axis with opposing ro-
tation senses for adjacent quadrangles along the byr axis
(Fig. 2; Co@-Sc1@-Co®-Sc1® quadrangles indicated in
green). This translates into dynamic displacements of the Co
atoms along Fagt and the Scl atoms along by, so that
long and short distances form in the Co and Scl atom chains
(dashed lines in Fig. 2) consistent with the reported static
displacements in the Peierls-type distorted LT-phase structure
[46-52].

Progression along the path from 7" to W adds varying de-
grees of modulation to the Co and Scl atomic displacements
within the agr-byr plane along the cyr axis. While no addi-
tional modulation is present at 7' (irreducible representation
T,"), modulations with decreasing wavelengths arise between
T and W (irreducible representation P;), so that atomic dis-
placements in next-nearest-neighbor layers along cyr are
finally inverted at W (irreducible representation W,). Thereby,
only atomic displacements according to the irreducible repre-
sentation 7;" correspond to the reported LT-phase space group
C2/m [46-52,80].

So far, however, experimental evidence correlating the pro-
posed phonon softening mechanism with the observed three
phenomenological stages of the Peierls-type structural distor-
tion in Sc3CoCy is missing. In the following, we will first
focus on an in-depth study of stage (i) (7 2 150 K) during
the HT-LT transition of Sc3CoCy4 by referring to diffuse x-ray
scattering and inelastic x-ray scattering techniques.

IV. RESULTS

A. Diffuse x-ray scattering

Previous reports suggesting the existence of a soft branch
in the phonon dispersion of the high-temperature (HT)
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FIG. 3. (a) Temperature-dependent development of the diffuse
rods spanning between reciprocal-space positions corresponding to
the high-symmetry points 7 and W in the Brillouin zone for the
orthorhombic HT-phase structure of Sc3;CoC,. Scattered intensi-
ties Ixgp integrated over boxes of 30 x 30 pixels around positions
(3.5,0.5,0) (=T) and (3.5,0.5,0.5) (=W) are given in (b) and on
enlarged intensity scales in (c) and (d) [85]. Additionally, the total
and inelastically scattered (phonon) intensities /ixs as determined
from IXS measurements are indicated by empty brown and half-
filled purple symbols in (c) and by empty orange and half-filled
magenta symbols in (d), respectively. The FWHM of the diffuse
scattering above 150 K along reciprocal-space axes ajir, by, and ¢jip
is plotted in (e). Dashed lines represent power-law fits [FWHM ~
((T — Tp)/Tp)"] with v = 0.73. We note that the results are compiled
from IXS data measured (meas.) at the high-resolution spectrom-
eter of beamline ID28 (ID28/IXS) as well as in-laboratory XRD
experiments from Ref. [50] and XRD data measured at the diffuse
scattering side station of beamline ID28 (ID28/DS). Furthermore, a
temperature shift of —9 K has been applied to the IXS data [86].

phase of Sc3;CoC4 hinged on the observation of prominent
diffuse x-ray scattering for relatively large and irregular-
shaped single-crystalline samples and an in-laboratory x-ray
source [50]. In these studies, diffuse rods spanning be-
tween reciprocal-space positions (h+ 0.5,k 4+ 0.5,7) and
(h+0.5,k+0.5,1+0.5), with h, k, and [ having integer
values, were observed. In order to exclude parasitic scatter-
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ing due to crystal defects such as static disorder as the sole
origin of these scattered intensities, we have as a first step
of our present study repeated the diffuse x-ray scattering ex-
periments employing small single-crystalline needles of high
quality and synchrotron radiation.

Figure 3 summarizes the results of these diffuse scat-
tering experiments on Sc3CoC4. The expected diffuse rods
are clearly visible in reconstructed reciprocal-space planes
(h0.51) already at 290 K (Fig. 3(a); see also Figs. S3-S6
in the Supplemental Material [59]). Provided that the dif-
fuse scattering is of lattice-dynamical origin, the intensities
at positions along a rod may indeed be linked to the fre-
quencies along the soft branch in the phonon dispersion of
HT-Sc3CoCy4 [50]. Namely, large diffuse scattering intensity at
positions (2 + 0.5, k + 0.5, ]) [diamond symbols in Figs. 3(b)
and 3(c)] and (h+ 0.5,k + 0.5,1 + 0.5) [square symbols in
Figs. 3(b) and 3(d)] relates to low phonon frequencies at the
high-symmetry points 7 and W in the Brillouin zone (inset in
Fig. 2), respectively.

The existence of a phonon softening mechanism in
Sc3CoCy4 should now translate into a temperature-dependent
variation of the phonon frequencies in the soft W—T branch
and therefore of the intensity distribution along the diffuse
rods. Indeed, lowering the sample temperature from 290 K
leads to an initial simultaneous increase of the diffuse in-
tensities Ixgp at all points along the diffuse rods. This can
be recognized from the reconstructed reciprocal-space planes
in Fig. 3(a) as well as the enlarged plots of the temperature
dependence of Ixgp(7') in Figs. 3(c) and 3(d). Below ~180 K,
Ixrp grows stronger at 7' than at W, so that the diffuse rods
gradually contract into pinpoint superstructure reflections at
T. At ~150 K, i.e., the lower end of the temperature regime
of stage (i) of the HT-LT transition in Sc3CoC, defined in
Sec. III, the diffuse intensity at T strongly increases, while
it drops sharply to nearly zero at W [87] (Figs. 3(c) and
3(d); profile cuts of the scattered intensity can be found in
Figs. S7-S13 of the Supplemental Material [59]). In line with
earlier observations [50,51], this marks the onset of clearly
recognizable superstructure reflections and thus the transition
into the intermediate stage [stage (ii)] of the HT-LT transition
of Sc3CoCy (see Sec. III). Further cooling from 150 K down to
80 K is accompanied by a gradual increase of the superstruc-
ture reflection intensity Ixrp(7") [85]. The realization of the
final stage [stage (iii)] of the HT-LT transition characterized
by an additional upward jump in Ixgp(7') and its subsequent
saturation in our previous in-laboratory studies could not be
investigated in the new diffuse scattering experiments due
to limitations of the employed low-temperature setup (see
Sec. IT). For reference, reciprocal-space reconstructions below
80 K and intensity data points from Ref. [50] have been added
to Figs. 3(a) and 3(b).

A complementary view of the gradual emergence of
the Peierls-type distorted structure during stage (i) of the
HT-LT transition of Sc3;CoCy is provided by the temperature-
dependent decrease of the full widths at half maximum
(FWHM) of the diffuse scattering along reciprocal cell axes
afrs bir, and ¢y upon cooling [Fig. 3(e)]. This is due
to the fact that a decrease of the FWHM of the diffuse
scattering relates to an increase of the inverse correlation
lengths of pretransitional structural fluctuations along real-

space cell axes agr, byr, and cyr. In Fig. 3(e), the temperature
dependence of the FWHM from Lorentzian fits of the diffuse
scattering data at 7 is displayed. Nearly identical FWHM
values along ajj; and bjy; (corresponding to the inverse cor-
relation lengths along directions ayt and byt within the plane
of the Co-Scl-C layers) at all investigated temperatures and
drastically increased FWHM values along ¢}y (corresponding
to the layer stacking direction cyt) emphasize the proposed
quasi-2D character of Sc;CoCy4 [50,51]. Above 185 K, the
FWHM along cf;; can no longer reliably be determined, as the
intensity of the diffuse rods is nearly homogeneous along this
reciprocal-space axis. The FWHM along the other reciprocal-
space axes, ajyp and bjyp, is found to follow power laws of
the type A - (T — Tp)/Tp)" with Tp = 148 K, v = 0.73, and
different prefactors A [dashed lines in Fig. 3(e)].

B. Inelastic x-ray scattering

Up to this point, the attribution of the diffuse scattering
features of Sc3CoC,4 above 150 K to a lattice-dynamical ori-
gin hinges on a visual comparison with ab initio thermal
diffuse scattering (TDS) simulations and the general compat-
ibility of the location and orientation of the diffuse rods in
reciprocal space [50]. To provide more concrete evidence for
this hypothesis, we performed inelastic x-ray scattering (IXS)
measurements at reciprocal-space positions corresponding to
the path between W and T which allow us to differentiate
between elastically and inelastically scattered intensity. In-
tegration of the total IXS spectra [Figs. 4(a) and 4(b)] and
their inelastic portions with respect to energy leads to the
temperature dependencies denoted by open brown and half-
filled purple symbols in Fig. 3(c) and by open orange and
half-filled magenta symbols in Fig. 3(d). After scaling and
applying a temperature shift of —9 K [86], the total IXS
intensity closely follows the temperature dependence of the
total diffusely scattered intensity [filled red and blue symbols
in Figs. 3(c) and 3(d)]. Furthermore, it becomes evident that
the detected intensity Ixgp at T and W above ~220 K is of
purely inelastic nature. The underlying soft branch can be
readily identified in the phonon dispersion of HT-Sc3;CoCy
along the high-symmetry path R-W-T-I" (Fig. 5) [88].

Reducing the sample temperature towards 160 K entails
a notable downward energy shift of the whole W-T phonon
branch (Fig. 5). A more complete impression of the lattice-
dynamical changes can be gained from Fig. 4: The IXS spectra
depicted in Figs. 4(a) and 4(b) point out that with decreasing
temperature the centers of the phonon peaks (highlighted by
black circles) at T and W gradually move to lower energies
(an extensive overview of collected IXS spectra can be found
in Figs. S14-S19 of the Supplemental Material [59]).

Temperature dependencies of the squared phonon energies
as obtained from damped harmonic-oscillator fits are com-
piled in Fig. 4(c): Upon cooling towards 160 K, the squared
phonon energies between 7' and W reduce linearly with nearly
identical slopes and retain an overall flat course of the whole
W-T phonon branch. However, whereas the phonon at T (cor-
responding to the location of the superstructure reflections)
reaches approximately zero energy at 160 K, the phonons
at W and midway between 7 and W attain small, but fi-
nite energies. Cooling to even lower temperatures leads to a
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FIG. 4. Temperature-dependent development of IXS spectra
between 290 and 160 K taken at reciprocal-space positions cor-
responding to the high-symmetry points (a) 7" and (b) W in the
Brillouin zone of the HT phase of Sc;CoC,. Dotted, dashed, and
solid lines represent fits to the elastic (el.) central peaks, the inelastic
(inel.) excitation peaks (center marked by black circles), and their
sums, respectively. The resulting temperature dependencies of the
squared phonon energies at 7 and W and at an additional point in
between are plotted in (c). Note that the spectrum corresponding to T’
at 160 K (a) could only be successfully described in a least-squares
fit involving a single elastic central peak and that in (c) a tentative
data point at 0 meV? (filled diamond symbol) has been added.

reincrease of the phonon energies at the latter two positions
with much larger slopes than in the preceding regime of de-
creasing phonon energies above 160 K [ratios of the slopes
between 9.3 and 9.5; Fig. 4(c)]. Such an emergence of sig-
nificant energy differences along the previously flat W-T
phonon branch might relate to an increased coupling between
the atomic displacements within adjacent quasi-2D layers of
Sc3CoCy4. The phonon modes between high-symmetry points
W and T all feature the same basic LT-phase-like atomic
displacement pattern within the quasi-2D layers of Sc3CoCy
(visualized in Fig. 2) and only differ in the wavelength of an
additional modulation of the atomic displacements along the
stacking direction cyy. Consequently, an increasing slope of
the W-T phonon branch correlates with an increasing energy
cost of introducing layer-wise modulations into the LT-phase-
like atomic displacements in Fig. 2.

Irrespective of its ongoing softening towards 150 K, the
W-T phonon branch only makes up a nearly temperature-
independent inelastic contribution to the diffuse scattering
intensity Ixgp in Figs. 3(c) and 3(d). Hence, detected increases

E [meV]

O Frorerrrrmrrara e @ e 3

; w7 :

FIG. 5. Overlay of measured phonon mode energies at temper-
atures between 290 and 160 K (symbols) and a phonon dispersion
relation for HT-Sc;CoC,4 obtained from DFT calculations (energies
scaled by a factor of 0.88; black lines). Note that a tentative data point
at 0 meV corresponding to the high-symmetry point 7" at 160 K has
been added (filled diamond symbol) as a guide to the eye (see also
the caption of Fig. 4).

in Ixrp and total Iixs towards 150 K are almost entirely due to
a growing elastic contribution. A complementary signature of
this growing elastic scattering contribution is the increasing
height of the central peaks in the IXS spectra in Figs. 4(a)
and 4(b). Thus the displacive and phonon-driven component
of the structural phase transition at 150 K seems to be comple-
mented by an additional order-disorder-type component with
quasistatic fluctuations while approaching the transition tem-
perature [37,89,90]. Both elastic and inelastic IXS intensities
at W rapidly decay to zero below 150 K [Fig. 3(d)]. The large
intensity of the superstructure reflections at 7' did not allow
an analogous collection of IXS spectra down to temperatures
below 160 K [Fig. 3(c)]. Still, a further increase of the elastic
intensity towards lower temperatures in the company of a
reduction of the inelastic intensity to zero may be expected.

C. X-ray diffraction

Our diffuse and inelastic x-ray scattering investigations
thus point out a completion of the phonon softening process
in Sc;CoC4 at ~150 K, i.e., already at the lower end of
the temperature regime of stage (i) defined in Sec. III. This
finding, however, raises questions regarding the significance
of the intermediate temperature regime [stage (ii)] of the
HT-LT transition extending from 150 K towards anomalies in
superstructure reflection intensities, electrical resistivity, and
magnetization at ~80 K [47-51,57].

One possible explanation for the second anomaly can be
derived from the fact that not only may the Peierls-type
structural distortion in Sc3CoCy4 be crystallographically de-
scribed using a monoclinic unit cell with doubled volume
with respect to the orthorhombic unit cell of the HT-phase
structural model, but also, alternatively, a description by a
modulation of the orthorhombic HT phase structural model
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FIG. 6. Exemplary sections of reconstructed (#k0) reciprocal-space planes at (a) 50 K and (d) 110 K containing the superstructure reflection
(—1.5,0.5,0) (orange diamond) and its corresponding main reflections (red circle and green square). Three-dimensional intensity profiles of
the superstructure reflection in the reconstructed (kk0) planes are given as insets at the lower right. One-dimensional intensity profiles of the
superstructure reflection along directions [110] and [001] are shown in (b) and (c) (50 K) and (e) and (f) (110 K). Note that the indexing of

reflections refers to the orthorhombic HT-phase unit cell of Sc;CoCy

is possible with modulation wave vectors [91] q = [0.5 +
8, £(0.5 + €), 0] and potential lattice incommensurabilities &
and € [50]. This suggests that we draw analogies between
Sc3CoC4 and other structurally low-dimensional materi-
als such as tetrathiafulvalenium-tetracyanoquinodimethanide
(TTF-TCNQ) [34,92], 1T-TaS, [38,39,93,94], and 2H-TaSe;
[38,95,96], where first-order-like changes [97,98] in su-
perstructure reflection intensities, electrical resistivity, and
magnetic susceptibility have been found to correspond to a
lock-in transition from an incommensurately to a commen-
surately modulated phase. Such a potential lock-in transition
from an incommensurately modulated phase in the tem-
perature regime of stage (ii)) (80 K <7 < 150 K) to a
commensurately modulated phase in the temperature regime
of stage (iii) (T < 80 K) would consequently be linked to a
decrease in the superstructure reflection profile widths along
[110] or [110] upon cooling below 80 K. High-resolution
synchrotron XRD experiments on a single-crystalline needle
of Sc;CoCy, however, give no substantial evidence of a poten-
tial lattice incommensurability of the structural distortion: A
comparison of (hkQ) reciprocal-space planes and line profiles
reconstructed from XRD data collected at ~50 K [example
in Figs. 6(a)-6(c)] and 110 K [example in Figs. 6(d)-6(f)]
does not reveal significant temperature-dependent changes in
superstructure reflection profiles. For the remaining analysis
of XRD results, the structure of Sc;CoCy4 will therefore be as-
sumed to be fully commensurate independent of temperature.

To gain more insight into the temperature-dependent
progression of structural changes between the temperature
regimes of stages (ii) and (iii), we performed additional x-ray
diffraction experiments covering the whole temperature range
between 300 and 10 K with a narrow temperature spacing of
~10 K (see Fig. 7, as well as Sec. SVI of the Supplemental
Material [59] and Refs. [99,100] therein). These demon-

strate, in line with earlier findings [51], that the first atomic
displacements breaking the HT-phase space group symmetry
Immm occur already at a temperature of ~180 K [Fig. 7(a)],
i.e., at the lower end of the temperature regime of stage (i) of
the HT-LT transition [101]. This correlates well with the onset
temperature of the quasielastic central peak in the IXS spectra
in Fig. 4. XRD data collected at lower temperatures down
to ~10 K, i.e., in the intermediate temperature regime [stage
(i1)] as well as in the final temperature regime [stage (iii)],
may invariably be described by space group C2/m (No. 12
[58]) without any apparent signs of a further global symmetry
reduction.

The temperature-dependent emergence of Co-Co (Scl-
Scl) dimers in the Co (Scl) chains as a main feature
of the Peierls-type structural distortion (see Sec. III and
Refs. [46-52]) is demonstrated by the plot of Co-Co (blue
circles) and Sc1-Scl bond distances (magenta squares) along
axes agr and byr, respectively, in Fig. 7(a). Below ~180 K,
adjacent long and short Co-Co (Scl-Scl) contacts can be
identified in the Co (Scl) chains of refined structural models.
The following temperature range between 180 and 80 K,
which approximately coincides with the intermediate tem-
perature regime [stage (ii)] of the HT-LT transition defined
in Sec. III, is then characterized by a gradual and contin-
uous growth of the bond length differences between long
and short contacts. Closer inspection of Fig. 7(a) reveals two
kinks in the temperature dependencies of the bond lengths
at ~150 and 100 K delimiting a region of reduced slope.
Notably, the first temperature is identical to the completion
temperature of the phonon softening process observed in the
IXS investigations above (Fig. 4). Cooling of the sample to
temperatures below ~80 K, i.e., stage (iii) of the transition,
finally results in a saturation of the bond length differences
between long and short atomic contacts. As becomes evident
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FIG. 7. Overview of temperature-dependent structural changes as observed in single-crystal XRD studies of Sc;CoC;. (a) Displacements
of Co and Scl atoms lead to a dimerization in linear chains along the ayr and byr axes and to the formation of alternating short and long
Co-Co and Sc1-Scl atomic distances [sketched in the insets in (a)]. Changes in the unit cell parameters (b) agr, (¢) byr, and (d) cyr are small
in comparison to the atomic displacements in (a) (plots using a smaller scale are shown as insets) and partially compensate each other, so
that only a minor variation of the cell volume Vyr (e) results. At the same time, the cell angle yyr (f) deviates only insignificantly from 90°
indicating the absence of significant monoclinic shearing of the orthorhombic HT-phase unit cell. Note that for clarity, all structural changes
are referred to the orthorhombic reference frame of the HT-phase structural model (see text and Ref. [102] for further details). Furthermore,
structural data have been compiled from two different measurement runs using laboratory-scale instrumental setups 1 and 2 described in Sec. 11

(open and filled symbols, respectively).

from Fig. S23 in the Supplemental Material [59], the Co-C
and C-C bond lengths along the [Co(C; )] ribbons remain
largely unaffected by the structural changes below 180 K:
While the C-C bond lengths appear to be temperature in-
dependent within the limits of experimental error, a slight
temperature-dependent increase in the Co-C bond lengths is
found between 180 and 80 K. This tendency towards longer
Co-C bond lengths may be attributed to the growing cobalt
atomic displacements along +ayr perpendicular to the ribbon
direction byr. In summary, the obtained temperature depen-
dencies of bond distances [Fig. 7(a)] and lattice parameters
[Figs. 7(b)-7(d)] clearly support the three-stage picture of the
HT-LT transition in Sc3CoCy: After its appearance at ~180 K
[i.e., the lower bound of stage (i)] the Peierls-type structural
distortion remains subject to ongoing and continuous changes
throughout the intermediate temperature regime [stage (ii)]
between 150 and 80 K and only settles into its final state in
the temperature regime of stage (iii) below ~80 K.

These structural changes during the temperature regimes of
stages (i), (ii), and (iii) also affect the electronic band structure
of Sc3CoCy at the Fermi energy Ep (Fig. 8). Density func-
tional theory (DFT) studies based on temperature-dependent

geometries from the present XRD experiments indicate that
in the HT-phase structure at room temperature, Ef is located
close to a peak in the total density of states (DOS). This peak
is subject to an ongoing splitting during the progression of
the Peierls-type structural distortion. Between RT and 100 K
the DOS at Ef is reduced by ~15% from 6.76 states/eV
[Fig. 8(a)] to 5.72 states/eV [Fig. 8(b)]. A further and more
significant reduction (by ~32%) from 5.72 to 3.92 states/eV
appears between 100 and 12 K [Fig. 8(c)], so that the overall
reduction amounts to ~42%. Qualitatively, the course of the
DOS near Er changes from a peaklike feature at RT to a
local minimum at 12 K. These findings can be correlated with
the experimentally observed rises in the electrical resistivity
and drops in the magnetic susceptibility at ~150 and 80 K
[47-49,51,57].

In a next step, the additional analysis of temperature-
dependent unit cell parameter changes allows for a decoupling
of the local structural changes in terms of the bond distances
from the temperature-dependent deformations of the lattice.
A back-transformation of cell parameters corresponding to
the monoclinic reference frame of the LT-phase structural
models to the orthorhombic reference frame of the HT-phase
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FIG. 8. Changes in the total (dashed lines) and site-projected DOS (solid lines) as a consequence of the variation of lattice parameters
and fractional atomic coordinates upon cooling from RT [(a) and (b)] to 100 K [(c) and (d)] and 12 K [(e) and (f)]. Enlarged views of the
site-projected DOS around the Fermi level (Eg) are given in (b), (d), and (f). Note that the pairs of atomic sites Sc2-Sc3 and C1-C2 in the
monoclinic LT-phase structure of Sc;CoC, (space group C2/m, No. 12 [58]) are equivalent to atomic sites Sc2 and C in the orthorhombic
HT-phase structure (space group /mmm, No. 71 [58]; see also the Barnighausen diagram in Fig. S1 of the Supplemental Material [59]).

structural models (further information and plots of the original
monoclinic cell parameters are available in Sec. SVI of the
Supplemental Material [59]) reveals [Figs. 7(b)-7(f)] that the
unit cell retains its orthorhombic geometry throughout the
investigated temperature range between 300 and 10 K. The
symmetry reduction from orthorhombic space group Immm
to monoclinic space group C2/m in the HT-LT transition
of Sc3CoCy is therefore mainly reflected by changes in the
relative atomic positions and not by a deformation of the unit
cell shape. This secondary role of lattice parameter changes
in the structural modifications is also supported by a quantita-
tive comparison of the temperature-dependent changes of cell
parameters agr, byt, and cgr (order of magnitude ~1072 10\)
and of Co-Co and Sc1-Sc1 bond distances (order of magnitude
~10' A).

Still, unit cell parameters ayy parallel to the cobalt atom
chains [Fig. 7(b)], byt parallel to the [Co(C;),]x ribbons
[Fig. 7(c)], and cyt parallel to the stacking direction of the
quasi-2D layers [Fig. 7(d)] display interesting temperature
dependencies which can also be reconciled with a three-stage
model of the HT-LT transition of Sc3;CoC,4 at ambient pressure
(Sec. IID). In the final stage [stage (iii)] of the HT-LT transition
below ~80 K, cell parameters and cell volume [Fig. 7(e)]
reach nearly constant values. Above this temperature, a con-
tinued decrease upon cooling is only found for ayt [Fig. 7(b)].
Conversely, cell parameters by [Fig. 7(c)] and cyr [Fig. 7(d)]
show a decreasing tendency down to ~180 K followed by
temperature regimes of weaker (byr) or stronger (cyr) neg-
ative thermal expansion. Despite the occurrence of negative
thermal expansion along cell axes byr and cyr, an overall
decreasing trend is found for the cell volume Vyr [Fig. 7(e)]
between 300 K and its saturation at 80 K interrupted only by
anomalies centered at 150 and 80 K [102]. It should further

be noted that although the temperature dependencies of cell
parameters, cell volume, and even cell angles consistently
show minor anomalies close to the onset of the temperature
regime of stage (ii) at ~150 K [Figs. 7(b)-7(f)], tracking of
high-angle reflection positions in 1 K temperature increments
demonstrated that the associated lattice deformations have a
continuous and second-order character (further details can be
found in Sec. SV of the Supplemental Material [59]).

This, however, may not be the case for the lattice deforma-
tions close to the transition to the temperature regime of stage
(iii) at ~80 K: Especially cyr [Fig. 7(d)] displays a compara-
tively large steplike change before settling at a nearly constant
value for temperatures below 80 K. This finding may be one
aspect of a subtle interplay between the ongoing structural
changes during the intermediate stage [stage (ii)] of the HT-
LT transition between 150 and 80 K, the crystal stress-strain
state, and the emergence of systematic (pseudo)merohedral
twinning. The loss of a mirror plane perpendicular to the ayr
axis in the 2 step of the symmetry reduction from space group
Immm to space group C2/m results in the occurrence of two
distinct twin domain states with different orientations (see
Sec. IIT and Refs. [46-52]). The ongoing structural changes
during the temperature regime of stage (ii) may thus lead to
a continuous variation of the crystal stress-strain state due to
the formation of a twin domain structure of the crystals. Only
when the final state of the Peierls-type distorted LT-phase
structure is reached in the temperature regime of stage (iii)
below 80 K does this twin domain structure settle into a final
state which likely minimizes the overall crystal strain energy.

Experimental evidence supporting the hypothesis of a
buildup of stress in the crystal during the temperature regime
of stage (ii) and its minimization upon the transition into the
temperature regime of stage (iii) is provided by the observa-
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tion of a transient broadening or even splitting of selected
high-angle main and superstructure reflections observed in
our high-resolution reciprocal-space mapping experiments.
This broadening might be caused by minor lattice mismatches
between adjacent twin domains at the local scale. It consis-
tently appears upon cooling towards 80 K [the temperature
regime of stage (ii) of the HT-LT transition] and vanishes
upon further cooling to 50 K (the temperature regime of stage
(iii); see the temperature-dependent resolution histograms and
the reconstructed reciprocal-space planes for high-angle re-
flections in Figs. S21 and S22 of the Supplemental Material
[59]). It should be emphasized that the observed broadening
or splitting is different from the expected peak broadening
pattern discussed above for a potential incommensurate-
to-commensurate lock-in transition: On the one hand, the
observed splitting tends to increase upon cooling towards
80 K (Fig. S21 of the Supplemental Material [59]) contrasting
with the expected decreasing trend of lattice incommensura-
bility towards the lock-in transition temperature [98,103], and
on the other hand, main Bragg and superstructure reflections
are broadened or split in the same manner (vide supra), which
should not be the case for a lock-in transition either.

Future investigations of the local crystal domain struc-
ture and the arrangement of twin domains in the needlelike
Sc3CoCy4 samples (e.g., using total x-ray and neutron scat-
tering techniques, transmission electron microscopy, or x-ray
topography [82]) may thus help to gain an even deeper under-
standing of the processes leading from the intermediate stage
[stage (ii)] to the final stage [stage (iii)] of the Peierls-type
structural distortion of Sc3;CoCy.

V. DISCUSSION

As shown above and in line with earlier investigations [50],
our experimental data allow us to define three stages in the
progression of Sc3CoCy4 from the HT-phase structure to the
final LT-phase structure: A combination of a phonon softening
and an order-disorder-type mechanism brings samples of the
compound from the HT phase [stage (i)] to an intermediate
phase [stage (ii)]. The transition temperature between stages
(i) and (ii) at around 150 K is characterized by a vanishing
frequency of the soft 7;" phonon mode and by an emerging
displacive modulation of cobalt and scandium atomic posi-
tions that reduces the space group symmetry from Immm to
C2/m. Further cooling to temperatures below 150 K leads to
a gradual growth of the symmetry-breaking atomic displace-
ments and finally to their saturation in the final LT phase
[stage (iii)] below ~80 K without any hints of an incom-
mensurability of the structural modulation or a further global
reduction of space group symmetry.

The investigated transition-metal carbide Sc3;CoC4 be-
longs to a larger class of materials featuring an interplay
between a structural phase transition at higher temper-
atures and a superconducting phase transition at lower
temperatures. Among the best-studied representatives are the
charge-density-wave (CDW) compounds [34-39] and the bi-
nary A15 compounds [104,105] displaying low-dimensional
and three-dimensional structural motifs, respectively. Similar
to our results for Sc;CoC4 above, many of these super-
conducting materials have been found to undergo phonon

softening processes towards their structural phase transition
temperatures [34,61,89,90,95,96,104—114]. Furthermore, the
structural and superconducting phase transitions in Sc3CoCy,
CDWs, and A15 compounds are susceptible to a manipulation
by means of applied strain or hydrostatic pressure [34-36,40—
44,51,52,57,104,110,115-117].

In the A15 materials V3Si (7. = 17.1 K [118]) and
NbsSn (T; = 18.1 K [119]), the onset of superconductivity
is preceded by cubic-to-tetragonal structural transformations
from space group Pm3n [120-122] (No. 223 [58]) to space
group P4, /mmc [104,115,123-127] (No. 131 [58]) at ~20 K
(V3Si) [123,126] and 45 K (NbsSn) [115,125,126]. While
often referred to as martensitic, these phase transitions are
of weak first order and show only a little resemblance to
the strongly first-order martensitic transformations in steels
[79,104,113,115,124,126,128-132]. Cooling towards their
structural transition temperature thus leads to the appear-
ance of diffuse scattering at the positions of formally extinct
reflections as a consequence of pretransitional structural fluc-
tuations [133] and to the softening of phonon modes close to
the I' point of the phonon dispersion relation [104—106,108—
110,113,114].

In line with the condensation of a zone-center phonon
mode [113,114], the symmetry reduction in V3Si and Nb3Sn
from space group Pm3n to space group P4,/mmc involves
only a translationengleiche (¢3) step and no doubling of the
unit cell volume [105,123-125] like in the HT-LT transition
of Sc3CoCy4. The structural changes due to the tetragonal
distortion of the A15 compounds therefore do not allow an
alternative description by a commensurate or incommensurate
displacive modulation of the cubic parent phase. Nevertheless,
chains of vanadium or niobium atoms with two atoms per
unit cell can be identified in the crystal structure of V3Si and
NbsSn that undergo a Peierls-like dimerization even in the
absence of a unit cell enlargement [104,127,134]. DFT studies
by Sadigh and Ozolig$ [113] point out that this process also
results in the splitting of a sharp DOS peak at the Fermi level
of Nb3Sn and the reduction of DOS(Eg) by ~25%.

In comparison to the atomic displacements of the
cobalt (NO.IIA) and scandium atoms (~0.06 A) during
the Peierls-type structural distortion of Sc3CoC,4, however,
the atomic displacements of the vanadium (0.0015 A) [133]
or niobium atoms (0.016 A) [115] during the cubic-to-
tetragonal phase transitions of V3Si and Nb3Sn remain
rather small [104,115,123,125,126,133]. Atomic displace-
ments larger than those in the A15 materials and on a level
similar to those in Sc3CoC4 have been observed for the
Peierls-type structural distortions in low-dimensional charge-
density-wave materials (e.g., up to 0.09 A for the tantalum
atoms in 2H-TaSe, [95,96] and (TaSe4),I [112]). Further-
more, the resulting low-temperature phase structures in CDW
compounds such as the quasi-one-dimensional Ky3;MoOs3
[34,89,111,135], K,Pt(CN)4Brg 3 - 3.2 D,O (KCP) [34,107],
NbSe; [34,136], ZrTes [61,90], and (TaSe4),I [112], as
well as the quasi-two-dimensional 2H-TaSe, [96], may be
described as displacively modulated variants of a parent struc-
ture with an incommensurate or commensurate q vector. Even
above the actual transition temperature into the modulated
phase, all of the aforementioned materials already show a
regime of structural fluctuations that is characterized by the
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presence of distinct diffuse scattering and the critical growth
of an elastic central peak in inelastic x-ray or neutron scatter-
ing spectra [34,61,89,90,96,107,111,112,135,136]. Yet only
Ko3MoOs [34,89,111] and ZrTe; [61,90] are affected by a
simultaneous phonon softening of a non-zone-center phonon
mode close to zero energy in analogy to Sc;CoCy4. Phonon
softening in the other CDW compounds is weaker, as in KCP
[34,107], (TaSe4),I [112], and 2H-TaSe, [95,96], or even
completely absent, as in NbSes [136].

The comparison with the A15 and CDW superconduc-
tors thus illustrates the extraordinary nature of the two-step
structural phase transition in Sc;CoC,4 at ambient pressure.
Isolated characteristics such as the existence of a phonon
softening mechanism or the emergence of a displacive struc-
tural modulation may also be identified in the reference
compounds. Yet the HT-LT transition in Sc3CoCy4 stands out
by its progression from an orthorhombic HT phase via a
monoclinic intermediate phase to a final LT phase with iden-
tical space group symmetry. Unlike the CDW compounds
the Peierls-type atomic displacements appearing in the inter-
mediate phase are not characterized by a significant lattice
incommensurability, but by a temperature-dependent and con-
tinuous growth towards a constant value in the final LT phase.

VI. CONCLUSION

To summarize, we obtained information about the pro-
gression of the structurally low-dimensional superconductor
Sc3CoCy towards its Peierls-type distorted low-temperature
(LT) phase using temperature-dependent x-ray diffraction and
inelastic x-ray scattering experiments on high-quality single-
crystalline samples. In support of our previous proposition
[50], we identify a soft branch along the high-symmetry
path W-T of the phonon dispersion that drives significant
dynamic and LT-phase-like displacements of cobalt and scan-
dium atoms already at room temperature. All phonon modes
in the branch show further softening upon cooling, but only

the 7;" phonon mode reaches zero frequency at ~150 K and
thus determines the C2/m space group symmetry of the final
LT phase. Yet we also show that a purely displacive and
phonon-softening-driven picture of the structural distortion in
Sc3CoCy4 is not sufficient. It has to be complemented by an ad-
ditional order-disorder-type contribution involving quasistatic
pretransitional fluctuations of the crystal structure.

The observed completion of the phonon softening and
ordering processes in Sc3;CoC,4 already at ~150 K brings
into focus the significance of anomalies in the temperature
dependencies of lattice parameters, electrical resistivity, and
magnetization at ~80 K [47—49,51,57]. In contrast to a num-
ber of charge-density-wave compounds [34,38,38,39,92-96]
we could not associate these anomalies with a lock-in tran-
sition from an incommensurate to a commensurate structural
modulation. Instead, the temperature regime between 150 and
80 K was found to correspond to an accumulation of gradual
changes in lattice parameters and atomic positions. It is only
below a temperature of 80 K that these parameters settle
into their final and constant states without a further reduction
of space group symmetry. We may thus speculate about the
existence of a lattice relaxation process at ~80 K that leaves
the overall atomic displacement pattern due to the Peierls-
type structural distortion intact but reduces the crystal strain
energy.

Raw data from the IXS, DS, and reflection position track-
ing experiments are available from the corresponding author
upon reasonable request.
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