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We investigate pressure-induced structural changes to the Peierls-type distorted low-temperature phase of the
low-dimensional Sc;CoCy as a possible origin of its pressure-enhanced superconductivity. By means of cryo-
genic high-pressure x-ray diffraction experiments we could reveal subtle, but significant structural differences
between the low-temperature phase at ambient and elevated pressures. We could thus establish the structure
of the superconducting phase of the title compound, which interestingly still shows the main features of the
Peierls-type distorted low-temperature phase. This indicates that in contrast to other low-dimensional materials
a suppression of periodic structural distortions is no prerequisite for superconductivity in the transition-metal

carbide.
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I. INTRODUCTION

Structurally low-dimensional materials and
dimensionality-driven physical effects are making their way
into technical applications. Quantum dots [zero dimensional
(0D)] are actively deployed in display technology [1,2] or
under intensive research for future uses in quantum computing
[3]. Nanowires (1D) enable great improvements in photo-
and chemoelectric detectors and thermoelectric devices
[4]. Transistors fabricated of atomically thin graphene
layers (2D) might become an integral part of postsilicon
microprocessors [5,6]. Furthermore, 3D superstructures
of thin metal layers—arranged in the right way to break
inversion symmetry—might provide promising candidates
for diodes in superconducting electronics [7].

As indicated by the last example, the combination of struc-
tural low dimensionality with superconductivity can stimulate
intriguing effects, even though Little’s prediction of room-
temperature superconductivity in quasi-one-dimensional ma-
terials [8,9] still remains an unobserved phenomenon at
ambient pressure. Instead, a rich playing field of differ-
ent ordering phenomena interacting with superconductivity
has unfolded, e.g., structural transitions, charge-density and
spin-density waves, and antiferromagnetism [10-20]. Super-
conducting compounds with intrinsically low-dimensional
character have a special appeal to solid-state sciences, al-
though the synthesis of large and defect-free single crystals
is often challenging. This, for example, becomes evident from
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the large number of publications devoted to the well-known
quasi-one-dimensional NbSe; [13,14,21,22] or quasi-two-
dimensional graphite or graphene [23,24] and transition-metal
dichalcogenides [10,25-29].

The transition-metal carbide Sc3CoC, crystallizes in a
structure type combining quasi-1D and quasi-2D features.
Quasi-1D [Co(C;)2]x ribbons extending along the crystallo-
graphic b axis of the orthorhombic unit cell [Fig. 1(a)] are
formed by covalent bonds between the cobalt atoms and C,
moieties [31]. Alternating stacking of the [Co(C; ), ]« ribbons
and scandium atoms (Scl) along the a axis leads to quasi-2D
layers [Fig. 1(b)]. Therein, neighboring [Co(C;),]~ ribbons
with a separation of 3.394 83(3) A are held together by subtle
Sc-C, interactions. Additional scandium atom layers [Sc2 and
Sc3; Fig. 1(c)] are interleaved along the ¢ axis resulting in a
large interlayer distance of 5.998 55(5) A between adjacent
Sc1-Co-C layers [30-37].

Superconductivity in Sc;CoC,4 emerges below 7. &~ 4.5 K
[30,34,35] and is anticipated by a Peierls-type structural
transition below 72 K [30]. Therein, the orthorhombic high-
temperature (HT) phase structure (space group Immm) is
transformed into the monoclinic low-temperature (LT) phase
structure (space group C2/m) by a doubling of the trans-
lational period along the [Co(C;);]. ribbons [30,34,36,38].
The exact degree and mode of interaction between this
structural HT — LT phase transition and the onset of super-
conductivity at even lower temperatures are, however, not
fully established yet. Furthermore, high-pressure studies of
the electrical resistivity and magnetization in polycrystalline
samples by Wang et al. [39] revealed a drastic increase in
the superconducting volume at virtually constant 7; values.
The authors rationalized this behavior by a pressure- and

©2021 American Physical Society
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FIG. 1. (a) Infinite [Co(C;),] ribbon as basic quasi-1D building
unit of the Sc;CoCy structure; (b) composition of a quasi-2D layer by
stacking [Co(C;),]« ribbons and Scl atoms along the a axis of the
orthorhombic high-temperature phase; (c) decoupling of the quasi-
2D layers along the c axis by interleaved Sc2 and Sc3 atoms. Salient
interatomic distances are specified (structural data from Ref. [30]).

temperature-controlled coexistence of the HT and LT phase in
the compound, whereby only the HT phase was supposed to
become superconducting [39]. However, no structural infor-
mation to verify this hypothesis has been provided up to now.
Therefore we performed high-pressure and low-temperature
single-crystal x-ray diffraction studies in combination with
physical property measurements to explore the pressure-
and temperature-dependent structure-property relationship in
SC3COC4.

II. METHODS

Single- and polycrystalline samples of Sc;CoCy were syn-
thesized by arc-melting according to the method described in
the literature [31,37,40] and in addition from a lithium metal

flux [41,42] (full details of the synthesis and characterization
methods employed can be found in the Supplemental Material
[43D).

Magnetization measurements on a single-crystalline
Sc3CoCy4 sample were performed at various pressures up
to 1.48 GPa using a miniature ceramic anvil cell (mCAC)
[44—48] and Daphne 7373 [49,50] as a pressure-transmitting
medium. Applied pressures were determined at low temper-
atures by reference to the pressure dependence of 7. for an
additional lead piece inside the pressure chamber [51,52].
Supplemental ambient-pressure measurements before and af-
ter the high-pressure study were performed by gluing the
sample to a glass rod with GE Varnish. For all magnetization
measurements a Quantum Design MPMS3 superconducting
quantum interference device (SQUID) magnetometer was em-
ployed [43].

High-pressure electrical resistivity measurements up to
1.26 GPa were performed employing a piston-cylinder-type
pressure cell and silicon oil as pressure-transmitting medium.
The single-crystalline Sc3CoC,s whisker was contacted by
a four-point configuration using silver conductive paint and
gold filaments. The pressure inside the pressure chamber
was determined at low temperatures by measuring the 7
shift of a piece of lead [51,52]. For details of the setup,
see Ref. [53]. The temperature-dependent resistivity measure-
ments were carried out for various applied pressures upon
cooling and heating cycles between 1.8 and 300 K in a
Quantum Design PPMS using a Linear Research LR700 resis-
tance bridge [54]. Additional ambient-pressure measurements
of single-crystalline Sc3CoC4 whiskers four-point contacted
with silver-epoxy resin were taken without surrounding pres-
sure cell and using the standard dc-resistivity option of a
Quantum Design PPMS. Uniaxial strain was created by gluing
both ends of a whisker to a sapphire substrate using large
droplets of silver-epoxy resin [43].

Pressure-dependent lattice parameters at room temperature
were obtained from Le Bail fits [55,56] of synchrotron pow-
der x-ray diffraction data with the software JANA2006 [57].
The respective diffraction experiments were carried out at the
X04SA Materials Science (MS) beamline at the Swiss Light
Source (SLS) [58,59] using a PSI Mythen II one-dimensional
detector [60] and a membrane-driven diamond anvil cell
(DAC). The pressure chamber was filled with finely ground
and sieved Sc3CoC4 powder, and a 4:1 volume mixture of
methanol and ethanol [61] was used as pressure-transmitting
medium. «-quartz powder was added for pressure calibration
by reference to its well-known equation of state [43,62].

The single-crystal x-ray diffraction data in this paper
were collected on a Huber four-circle Eulerian cradle go-
niometer equipped with a Dectris Pilatus CdTe 300 K pixel
detector and an Incoatec AgK, microfocus sealed-tube x-
ray source (A = 0.560 87 A). Sample cooling to temperatures
above 11 K was achieved utilizing an Advanced Research
Systems closed-cycle helium cryocooler with exchangeable
vacuum and radiation shields (beryllium or stainless steel with
Kapton windows) [43].

High-pressure low-temperature x-ray diffraction studies of
Sc3CoCy single crystals up to a pressure of 5.5 GPa were
carried out using a Diacell Tozer-type DAC [63,64] (Almax
easyLab) and Daphne 7575 as pressure-transmitting medium
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FIG. 2. Temperature- and pressure-dependent development of (a) the electrical resistivity p(7) and (b) and (c) the magnetization M (T')
after zero-field cooling in a magnetic field of 5 Oe for the superconducting transition of Sc;CoC,. Data points in (a) and (b) were recorded
while increasing the pressure, and data points in (c) were recorded while decreasing the pressure. Note that the ambient-pressure measurements
of p(T) (a) and M(T) [(b) and (c)] were performed without a pressure cell. For better comparability, data points were brought to overlap at

4.5 K by applying shifts along the p or M axis.

[65]. Ruby spheres inside the pressure chamber allowed a
pressure determination at room temperature via the ruby fluo-
rescence method [66—-68].

For high-pressure x-ray diffraction measurements on a
Sc3CoCy single crystal up to 10.1 GPa at room temperature
a Boehler-plate-type DAC [64,69] (Almax easyLab) was em-
ployed. The pressure determination method was analogous to
the experiments with the Tozer-type DAC described above,
but a 4:1 volume mixture of methanol and ethanol [61] was
used as pressure-transmitting medium.

Obtained x-ray diffraction intensities were evaluated us-
ing the EVAL14 suite of programs [70,71] and subjected to
scaling and absorption correction using the programs SADABS
and TWINABS [43,72]. Structural refinements were performed
with the program JANA2006 [57]. Resulting structural mod-
els in crystallographic information file (CIF) format may
be obtained from Cambridge Crystallographic Data Centre
(CCDC)/Leibniz Institute for Information Infrastructure (FIZ
Karlsruhe) [73] or the Supplemental Material.

Density functional theory (DFT) calculations on the HT
phase of Sc;CoC4 were performed employing the Vienna ab
initio simulation package (VASP) [74—77]. The Perdew-Burke-
Ernzerhof (PBE) density functional [78,79], an energy cutoff
for the plane wave basis set of 500 eV, and a Brillouin grid
sampling of 4 x 4 x 2 were used throughout. The starting
geometry for the ambient-pressure HT structure was adopted
from the optimizations performed in Ref. [38], which are
based on the same set of parameters.

Pressure-dependent geometry relaxations were performed
at pressures of 2, 4, 6, 8, and 10 GPa. Optimizations
were stopped when forces were smaller than 0.001 eV/A.
Single-point self-consistent field (SCF) calculations enforcing
uniaxial strain were performed by reducing the a, b, and c lat-
tice parameters of the relaxed HT ambient-pressure structure
by £0.02 and £0.04 A.

All phonon dispersion calculations employing the finite
displacement approach in a 2 x 2 x 2 supercell were per-
formed with the PHONOPY code [80] and VASP as force
calculator using the same parameters as specified above.

III. RESULTS AND DISCUSSION

The starting point of our study involves the results pub-
lished earlier by Wang et al. [39]. These authors found a
significant increase in the superconducting volume fraction
of polycrystalline Sc3CoC4 samples under the application
of modest hydrostatic pressures. In the present study, we
performed physical property measurements and x-ray diffrac-
tion experiments on single-crystalline samples. This allows
us to explore potential structure-property relationships in
Sc3CoC4 and gain deeper insight into the origins of pressure-
enhanced superconductivity in the low-dimensional material.
Also for single-crystalline samples a clear superconducting
signature is only observed in the electrical resistivity p(7T')
[see Fig. 2(a)] and the magnetization M(T) [Figs. 2(b) and
2(c)] after application of pressure. It is noteworthy that the
enhanced superconducting signal persists for several hours
after decreasing the pressure from 1.48 to 0.19 GPa. It remains
remanently present even after removing the sample from the
pressure cell [see Fig. 2(c)]. This hints at a potential hysteretic
behavior of the inherent structural changes induced by the
application of pressure. Degradation of the sample quality
as a possible origin of this behavior could be excluded by
means of x-ray diffraction before and after the high-pressure
magnetization measurements [43].

In other low-dimensional compounds such as the
transition-metal dichalcogenides 17-TiSe,, 2H-TaSe,, and
2H-NbSe; the pressure-induced emergence of superconduc-
tivity is intimately linked to the suppression of a periodic
structural distortion at low temperatures, i.e., a commensu-
rate or incommensurate charge density wave [81-89]. We
therefore tried to clarify whether the Peierls-type distor-
tion leading to the LT phase [30,38] might be suppressed
upon application of pressure to enhance the superconduc-
tivity in Sc3;CoCy4 [39]. The structural properties of the
ambient-pressure low-temperature phase have been stud-
ied earlier [30] and provide the starting point of this
pressure- and temperature-dependent study. Atom displace-
ments and bond lengths mentioned hereafter were determined
in an ambient-pressure x-ray diffraction experiment on a
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FIG. 3. Overlays of the refined atomic positions within a layered building unit of Sc;CoC,4 at room temperature (gray, semitransparent;
atomic positions from Ref. [30]) and after cooling to low temperatures (a) without or (b) with applied pressure (colored, nontransparent). All
atom displacements are exaggerated sevenfold; Sc2 and Sc3 atoms have been omitted for clarity. Specified values of atom displacements and
rotation angles are given with their threefold estimated standard deviation.

high-quality single-crystalline needle of Sc;CoCy4 at 11 K (see
Sec. II and the Supplemental Material [43] for further details).
All bond lengths and displacements in this paper are given
with their threefold standard deviation, while crystallographic
directions are always specified with respect to the axes of the
orthorhombic HT phase (space group Immm).

The LT phase of Sc3CoC4 (space group C2/m) is char-
acterized by modulated displacements of Co, Scl, and C
atoms from their HT phase positions in the quasi-2D lay-
ers of the Sc3CoCy structure [see Fig. 3(a)]. Precisely, the
cobalt atoms along a [Co(C;);]. ribbon experience shifts
of +£0.11038(18) A relative to their crystallographic 2d site
in the HT phase (information on the calculation of the atom
displacements is provided in the Supplemental Material [43]).
Hence Co—Co distances within chains of cobalt atoms along
the a axis display alternating larger [3.5985(9) A] and smaller
[3.1569(6) A] values compared with the constant separation
of 3.3948(12) A in the HT phase [30]. This modulation of the
Co atomic positions is complemented by a modulation of the
Scl atomic positions. Their displacements of +0.0574(3) A
with regard to the 2b HT positions point along the b axis and
alternate along the a axis; that is, their displacement direction
is perpendicular to the modulation of the Co atomic positions.
As can be seen in Fig. 3(a), the modulation of the Co and
Scl atoms is correlated in such a way that the Scl atoms
are shifted towards long Co—Co contacts and evade short
Co—Co contacts. In analogy to the arrangement of the cobalt
atoms, this displacement pattern turns chains of equispaced
scandium atoms along the b axis [4.3748(12) A] above and
below the [Co(C;);] ribbons into chains with alternating
longer [4.5015(12) A] and shorter [4.2718(12) A] Sc1-Scl
distances.

As a consequence of the HT — LT transition the
[Co(C;),] ribbons are no longer planar, which is also re-
flected by rotations of the C, units about rotation axes parallel
to c¢. Due to the lack of a crystallographic m plane perpendic-
ular to a, rotations of adjacent C, units about the ¢ axis in the

same direction (conrotatory) or opposite directions (disrota-
tory) are both allowed by symmetry. The potential importance
of the carbon atoms for superconductivity in Sc;CoC4 can
be derived from isotopic substitution experiments: Replace-
ment of '>C by !3C leads to a systematic suppression of
the superconducting onset temperature 7,°"*" with an isotope
coefficient o of 0.58 [90]. This observation is in line with
the predictions of a DFT study by Zhang et al. [91]. The
authors proposed that rotations of the C, units and cobalt and
scandium atom displacements are integral parts of key phonon
modes coupling conduction electrons into superconducting
Cooper pairs.

Yet, rotations of the C, units are experimentally more
difficult to assess by x-ray diffraction than shifts of the
heavy atoms cobalt and scandium. The latter displacements
invariably lead to the appearance of prominent superstruc-
ture reflections with k = (+%, +%, 0) and also with k' =

(+1, —%, 0) due to systematic pseudomerohedric twinning
[see Fig. 6(f)] [30,38,40,92]. By contrast, carbon atom
displacements may only contribute to the superstructure
reflections in the case of disrotatory displacements of neigh-
boring C; units [93]. To obtain precise intensity information
for main and superstructure reflections, we therefore em-
ployed long exposure times, a high-brilliance microfocus
x-ray source, and a noise-reduced pixel detector with high
dynamic range in our single-crystal x-ray diffraction exper-
iments (see Sec. II and the Supplemental Material [43] for
more details).

Our x-ray diffraction data hint at phase-pure LT-Sc3CoC4
at 11 K and ambient pressure without significant traces of
the HT phase [43]. It can be fully described by an ordered
structural model that is characterized by rotations of the
two symmetry-independent C, units in the same direction
with rotation angles of 5.6(2)° and 5.7(2)° [highlighted in
Fig. 3(a)]. Similar carbon atom shifts resulting in somewhat
smaller but still conrotatory rotation angles of 2.8(4)° and
3.0(4)° have been found earlier at 9 K [30]. Notably, the
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FIG. 4. Temperature-dependent electrical resistivity o(7') of
Sc3CoCy single crystals (a) at ambient pressure and without fixation
to a substrate, (b) at hydrostatic pressures of 0.03 and 0.82 GPa, and
(c) glued at both ends on top of a sapphire chip. Insets: Photographic
images of the respective samples after their preparation for measure-
ments (a)—(c).

observed conrotatory displacements of subsequent C, units
along the [Co(C;)2]e ribbons result in the formation of
shorter [2.098(4) A] and longer [2.113(3) A] Co—C distances
in contrast to an alternative scenario with disrotatory displace-
ments which would minimize all Co—C distances. This rules
out that strengthening of Co—C bonds provides the only driv-
ing force of the carbon atom shifts in the LT phase structure.
In the next steps of our analysis we will aim at establishing
possible pressure-dependent structure-property relationships
to gain further insight into the potential origins of the charac-
teristic superconducting behavior of Sc3CoC,4. Measurements
of the electrical resistivity p(7") already hint towards po-
tential pressure-induced modifications of our reference LT
phase structure: As outlined earlier [38], the extended phonon
softening process leading to a static Peierls-type structural
distortion of Sc3CoC, at ambient pressure is delimited by two
pronounced anomalies in p(7) at 152 and 83 K [Fig. 4(a)].
Our high-pressure experiments on single-crystalline samples
in accordance with Wang et al. [39] show that only a single
broad anomaly at 156 K can be observed in p(T') after appli-
cation of 0.03 GPa [see blue curve in Fig. 4(b)]. This anomaly
further shifts towards higher temperatures with increasing
pressure [olive green curve in Fig. 4(b)]. A similar result,
i.e., a suppression of the first anomaly at lower temperature
in p(T) and an upward shift of the second one by approx-
imately 10 K, can be obtained by fixing a single-crystalline
Sc3;CoC4 needle at two points along its long axis (i.e., parallel

0 GPa

domain 1

0.6 GPa 1.9 GPa 4.0 GPa 5.5 GPa

(1.5 0.5 -2)
domain 2

La;—
pressure

FIG. 5. Pressure-induced detwinning of a Sc;CoC, sample at
T =~ 22 K, as observed by x-ray diffraction in the case of char-
acteristic Bragg reflections from two twin domains (twin law
[[—100], [010], [001]], i.e., an m plane perpendicular to the a axis
of the orthorhombic HT unit cell). The displayed sections of the
(h,0.5,1) plane contain only superstructure reflections and were
recorded after applying pressures up to 5.5 GPa and cooling to
approximately 22 K. The decreased scattering intensity at 5.5 GPa
is due to a beginning deterioration of the sample crystallinity.

to the crystallographic a axis) on top of a sapphire chip [see
Fig. 4(c)].

In order to investigate the origin of these pressure-
dependent changes in p(7T"), we performed x-ray diffraction
experiments at variable pressure and temperature. Inspection
of Bragg intensities as well as atomic positions from struc-
tural refinements should reveal whether (i) only the distortion
pattern during the HT — LT phase transition changes under
pressure, (ii) the structurally distorted LT phase is suppressed
in favor of the undistorted HT phase [39], or (iii) a designated
and structurally distinct high-pressure LT phase of Sc3CoCy4
is formed.

In support of hypothesis (i), our measurements indicate
that the low-temperature superstructure Bragg reflections with
k= (+%, +%, 0) can be observed up to pressures of 5.5 GPa.
No indication of a pressure-induced structural phase transition
connected with a change in the space group can be found.
Instead, the collected diffraction data can still be described
by a monoclinic lattice and comply with space group C2/m.
There is also no evidence for an incomplete phase transition
under pressure leaving part of the atoms in their HT phase
positions [43]. Differences between pressurized and unpres-
surized samples, however, may be recognized by comparing
reconstructions of the (h,0.5,[) reciprocal space plane at
22 K for pressures between 0 and 5.5 GPa (Fig. 5). Note
that at ambient pressure, Sc3CoCy crystals in the LT phase
are systematically twinned with each of the two differently
oriented twin domains contributing half of the superstructure
reflections to the (4, 0.5, 1) plane (green and orange circles
in Fig. 5). Cooling crystals below the HT — LT phase tran-
sition temperature at elevated pressures reveals that one-half
of the superstructure reflections shows increasing intensities,
whereas the other half shows decreasing intensities (p <
1.9 GPa). The latter superstructure reflections finally vanish
completely for p > 1.9 GPa, thus indicating a pressure-

184101-5
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FIG. 6. Temperature dependence of the normalized integrated intensity Ixgrp (7, p) with its threefold estimated standard deviation at the
position of the (—1.5, 0.5, 4) superstructure Bragg reflection for pressures between 0 and 5.5 GPa (a)—(e). Note that some error bars are smaller
than the employed data point symbols. A section of the (hk0) plane (f) illustrates schematically the location of the superstructure reflections

for twin domains 1 and 2 with respect to the main reflections.

induced detwinning of the crystal. Such a preference for
one of the twin domains might originate from nonhydrostatic
pressure conditions at the sample position inside the pressure
cell [94].

Taking into account the otherwise unchanged character-
istics of the LT phase in reciprocal space, we may connect
the strongly modified behavior of the anomalies in p(T)
under pressure [compare Figs. 4(a) and 4(b)] to changes
along the pathway from the HT to the LT phase. There-
fore we determined the temperature and pressure dependence
of the scattered intensity Ixgp(7, p) at the position of the
(—1.5,0.5, 4) superstructure reflection (see Fig. 6). Consis-
tent with p(T), the increase in Ixrp(7, p) with decreasing
temperature, which occurs in two steps at ambient pressure
[Fig. 6(a)], renders into a continuous increase under pressure
[Figs. 6(b)-6(e)]. We note, however, that a quantitative com-
parison of applied pressure values in p(7") and M(T) studies
with those of the x-ray diffraction experiments is hampered by
the differing sample environments and pressure determination
methods employed (see Sec. II and the Supplemental Material
[43]).

From our data we may conclude that the energy difference
between HT and LT phase is increased substantially, as is indi-
cated by a shift in the onset temperature of the superstructure
reflection intensity from 142 K at 0 GPa [Fig. 6(a)] to 231 K

at 4 GPa [Fig. 6(d)]. A pressure of 5.5 GPa preserves the su-
perstructure reflections up to room temperature {Fig. 6(e), see
also the Supplemental Material [43]}, although at the cost of a
degradation of the sample crystallinity. Interestingly, the iso-
electronic and isostructural transition-metal carbides Sc;IrCy
and Sc3RhCy also show a periodically distorted structure in
analogy to the LT phase of Sc3;CoCy4 at room temperature but
without prior cooling or pressure application [95,96]. There
are, however, neither hints of superconductivity nor hints
of the existence of an undistorted high-temperature phase
comparable to Sc3CoCy for these highly related compounds.
In particular, systematic twinning as indicator of a potential
t» HT — LT transition has not been observed in the iridium
and rhodium congeners of Sc;CoC4 [96]. This discrepancy
may be due to the fact that the 3d metal cobalt is charac-
terized by a significantly smaller covalent radius and weaker
transition-metal—carbon bonds in comparison with the 4d and
5d group members rhodium and iridium. The resulting higher
structural flexibility of Sc3CoC4 could thus be a prerequisite
to allow the existence of both a HT and a LT phase structure.

The occurrence of a subtle competition between the HT
and LT phases in Sc3CoCy is reflected in the extended phonon
softening regime preceding the HT — LT transition at am-
bient pressure [38]. Also its signatures in the temperature
dependencies of p(T') [Fig. 4(a)] and Ixrp(T, p) [Fig. 6(a)]
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FIG. 7. Response of the phonon dispersion of HT-Sc;CoC,4 (DFT study) (a) to hydrostatic pressure and (b) to a reduction in the lattice

parameter a.

react sensitively and in a highly related way already to small
changes in pressure. Application of a pressure below 0.6 GPa
is sufficient to induce a crossover of both physical properties
from a course with two anomalies limiting the phonon soften-
ing regime towards low and high temperatures [38] to a course
with a single anomaly [see Fig. 4(b) and Figs. 6(b)-6(e)].
Unfortunately, x-ray absorption by the employed pressure cell
did not permit the investigation of the very weak and diffuse
x-ray scattering features in analogy to Ref. [38]. Pressure-
dependent ab initio phonon dispersion calculations for the HT
phase structure, however, can provide more insight into the
underlying causes for the modification of p(7") and Ixgrp (7T, p)
under pressure. Figure 7(a) illustrates the presence of a soft
branch between the high-symmetry points W and T of the
phonon dispersion already at ambient-pressure conditions.
The phonon mode along the branch is characterized by dis-
placements of the cobalt and scandium atoms (Scl) in the
ab plane anticipating their displacements in the LT phase of
Sc3CoCy [see Fig. 3(a)] [38]. On progressing along the path
from T to W the LT-phase-like pattern of atom displacements
at T is modified by modulations of decreasing wavelength
along the ¢ axis. Yet, carbon atom contributions to the mode
in analogy to the displacements shown in Fig. 3(a) are absent.
These can be found in a separate medium-frequency phonon
mode at I with still unclear behavior upon cooling below
the HT — LT phase transition temperature. So far, there is
only evidence for a profound temperature dependence of the
W-T phonon branch. Approaching the HT — LT transition
temperature from above results in a reduction of the phonon
frequency at T to zero [38]. The same W-T phonon branch
also displays an extraordinary sensitivity to hydrostatic pres-
sure {see Fig. 7(a) and the Supplemental Material [43]}. Its
frequency is subjected to a strong and steady redshift with
increasing pressure, while the frequencies of all other phonon
branches show the expected blueshift. These trends indicate
a gradual destabilization of the HT phase structure with in-
creasing pressure in line with the experimentally observed

pressure-induced enhancement of the transition temperature
from the HT to the LT phase [97].

Despite the red frequency shift of the W—T phonon branch
in our calculations [Fig. 7(a)] and the preservation of the
low-temperature superstructure reflections upon heating to
room temperature at 5.5 GPa in our diffraction experi-
ments [Fig. 6(e)], application of pressure alone does not
suffice to induce a transition of Sc;CoC, from the HT to
the LT phase structure. No superstructure reflections could
be observed in single-crystal XRD experiments up to the
destruction of the sample at 10.1 GPa, when the pressure cell
was kept constantly at room temperature [43]. An overlay of
structural models at 0.2 and 4.2 GPa in the Supplemental
Material [43] illustrates that the pressure-induced shifts of
the atomic positions remain negligible under these condi-
tions. Likewise, no phase transition could be inferred from
the pressure dependence of the lattice parameters obtained
from room-temperature powder XRD experiments [Fig. 8(a)].
The experimentally observed linear decrease in the lattice
parameters upon application of up to 10.1 GPa with a stronger
absolute compression of ¢ (Ac = 0.20 A) compared with a
and b (Aa =0.07A, Ab=0.06A) is very well reproduced
by DFT studies of the compressibility behavior of the HT
phase [Fig. 8(a)].

This behavior might be related to the strongly differing
development of the lattice parameters of Sc;CoC4 either upon
cooling or upon increasing hydrostatic pressure. Previous
variable-temperature neutron diffraction studies between 277
and 1.8 K showed that a reduction in temperature is accompa-
nied by increases in the b and ¢ parameters by approximately
0.01 A and a decrease in the a parameter by approximately
0.02A [Fig. 8(b)] [30]. An increase in hydrostatic pressure, by
contrast, results in the compression of all lattice parameters.
Thus a strongly anisotropic pressure response of Sc3;CoCy
may be suspected in accordance with the low-dimensional
structure of the compound. The validity of this hypothesis is
underlined by the fact that the application of uniaxial stress
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along the long axis of single-crystalline Sc;CoC4 needles
leads to pronounced changes in the temperature-dependent
electrical resistivity [see Fig. 4(c)]. We therefore performed
a DFT study probing the response of the phonon dispersion to
a uniaxial compression along each of the three unit cell axes
by varying the HT phase lattice parameters independently
[43]. The strongest frequency decrease along the W—T phonon
branch is obtained by a reduction in the a parameter corre-
lating with the distance between adjacent [Co(C;);]~ ribbons
[see red and blue curves in Fig. 7(b)]. Negative frequencies
along the path indicate the instability of the HT phase struc-
ture after a compression of the a lattice parameter by more
than approximately 0.02 A. A similar dispersion behavior is
only achieved by the application of hydrostatic pressure in the
range of 20 GPa.

After pointing out the energetic destabilization of the HT
phase under pressure we will now focus on the pressure-
induced structural changes to the LT phase. Although the
space group C2/m applies to the LT phase structure under
ambient-pressure and high-pressure conditions, some degrees
of freedom for the atom arrangement remain. We find, for ex-
ample, that the distance between adjacent [Co(C; ), ]« ribbons
is reduced from 3.378(7) A at 0 GPa to 3.34(2) A at 4 GPa. An
even smaller compression from 6.0105(3) A to 5.9849(8) A is
found for the interlayer distance between adjacent quasi-2D
Sc1-Co-C layers. Further free parameters in the HT — LT
phase transition involve the magnitude of the cobalt and scan-
dium atom shifts, and the extent and relative orientation of the
C,-unit rotations. Figures 3(a) and 3(b) visualize the effect on
the atom positions, when Sc3CoCy is cooled to T < 40 K with
and without an applied pressure of 4 GPa, respectively.

It becomes evident that the general displacement pattern of
the cobalt and scandium atoms in the LT phase remains rather
invariant upon pressure application: At both 0 and 4 GPa,
the cobalt atoms along the [Co(C;);]~ ribbons are shifted
in the positive and negative a direction by similar extents of
0.110 38(18) A and 0.1125(18) A, respectively. Also the shifts
of the Scl atoms along the b axis are remarkably similar with
values of 0.0574(3) A at 0 GPa and 0.064(2) A at 4 GPa
and 37 K. By contrast, the rotation angles of the C, units

obtained from the structural refinements display a distinct
pressure dependency [highlighted in Figs. 3(a) and 3(b)]: At
0 GPa and 11 K, the C, units are subjected to significant
rotations out of their HT phase positions with rotation an-
gles between 5.6(2)° and 5.7(2)°. Nearly vanishing rotation
angles of 1(1)° are, however, observed at 4 GPa and 37 K
[43]. This observation might be linked to the pressure-induced
detwinning of Sc3CoCy4 samples: The two possible twin do-
mains in the ambient-pressure LT phase mainly differ by a
different rotation sense of the C, units in an otherwise nearly
unchanged arrangement of cobalt and scandium atoms. A
vanishing C, rotation angle makes these twin domains nearly
identical leaving only marginal differences in the cobalt and
scandium atom positions [43]. As a result, the realization of a
single-domain state extending over the entire sample volume
might be favored. The absence of further anomalies in the
electrical resistivity between 37 K and the superconducting
transition temperature at 4.5 K [Fig. 4(b)] implies that this
detwinned high-pressure low-temperature phase is the one
hosting superconductivity in Sc3CoCjy.

In a last step we proceed to link the observed temperature-
and pressure-dependent changes in the superstructure reflec-
tion intensity Ixrp(7, p) (see Fig. 6) to changes observed in
the atomic positions. To do so, we performed x-ray diffraction
experiments at 0 and 4 GPa for selected temperatures above
and below the steplike increase in Ixgp(7', p) observed at ap-
proximately 80 K and 0 GPa. Figure 9 gives an overview of the
observed temperature dependence of the Co (blue circles) and
Scl atom displacements (magenta rectangles) and the C,-unit
rotations (black triangles) at 0 GPa [Fig. 9(a)] and 4 GPa
[Fig. 9(b)]. Data points from x-ray diffraction experiments
with and without usage of a DAC are indicated by solid and
open symbols, respectively.

It turns out that the structural models obtained at ambi-
ent pressure and above 75 K represent intermediate steps
in the progression of Sc3CoC, towards its final state below
75 K [see Fig. 9(a)]. Consistent with the nonzero value of
the superstructure reflection intensity in the same temper-
ature and pressure regime [Fig. 6(a)], shifts of the atoms
from their positions in the HT phase structure are already
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FIG. 9. Temperature dependence of the displacements (displ.)
of the Co (blue circles) and Scl atoms (magenta squares) and the
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(1) and C, (2), black triangles] for (a) 0 GPa and (b) 4 GPa. Carbon
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ordinate) are specified on the left ordinate. Note that error bars
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(some error bars are smaller than the employed symbols). Vertical
lines denote critical temperatures determined from the intensity of
an individual superstructure reflection (Fig. 6). Thereby, dashed lines
refer to the onset of intensity at its position, and a dash-dotted
line marks the additional jumplike increase in intensity observed at
0 GPa. Solid lines connecting the data points serve as guides to the
eye.

present at this stage [Fig. 9(a)]. Thereby, larger values of
Ixrp (T, p) correspond to larger shifts of the atomic positions.
It should be emphasized, however, that the phonon softening
process during the HT — LT transition is not yet completed
for temperatures above 75 K, so that all atom displacements
are likely to be of a correlated, but still dynamical nature
[38,43]. When the atom displacements become rather static
on cooling below 75 K, a steplike increase and a subse-
quent saturation of the superstructure reflection intensity are
observed.

As already stated above, direction and maximal displace-
ments of the Co and Scl atoms are not altered significantly
by applying a pressure of 4 GPa. Yet, the absence of a step
in Ixgp(T, p) and the higher onset temperature of 231 K (0
GPa: 142 K) correlate with the attainment of these maximum
displacements at temperatures significantly above 75 K [see
Fig. 9(b)]. The main structural difference between 0 and 4 GPa

can thus be attributed to the different extent of the out-of-
plane rotation of the C, units at all investigated temperatures.
Hence the application of pressure effectively prevents the dis-
placement of the carbon atoms from their HT phase positions
but does not suppress the formation of a periodic structural
distortion.

IV. CONCLUSION

To conclude, we suggest a connection between the occur-
rence of volume superconductivity and subtle structural mod-
ifications to the known Peierls-type distorted low-temperature
(LT) phase of Sc3CoC4 [30,38,39] under pressure. We demon-
strated that the compound forms ordered LT phase structures
under both ambient- and elevated-pressure conditions without
remaining HT phase contributions. Differences between the
ambient- and elevated-pressure LT phase structures are lim-
ited to a reduction in the C, rotations out of the [Co(C5 )]s
ribbon plane from 5.6°-5.7° to nearly zero. This brings the C,
moieties back to their HT phase positions in an otherwise still
distorted arrangement of cobalt and scandium atoms.

On an atomistic level the changed equilibrium positions
of the C, units may affect phononic and electronic proper-
ties of the electron-phonon coupling driven superconductor
Sc3CoC4. The importance of carbon atom vibrations for the
emergence of superconductivity is highlighted by '2C /3C
isotopic substitution experiments indicating a clearly nonzero
isotope coefficient of 0.58 [90]. A key role of C, libra-
tional modes in the coupling of conduction electrons into
Cooper pairs is also pointed out by DFT studies employing
the Eliashberg formalism [91]. Thus establishing structure-
property relationships in favor of pressure-induced volume
superconductivity presents an interesting, but challenging task
for future theoretical studies.

However, the subtle changes in the C, rotation also af-
fect the properties of Sc;CoC,4 on a macroscopic level: They
render the two possible twin domains in LT-Sc3CoC4 nearly
indistinguishable and set the stage for the emergence of
detwinned, single-domain crystals above 1.9 GPa. Thus a con-
tinuous superconducting sample volume may only be realized
after the disappearance of twin domain walls from pressurized
Sc3CoCy4. Such a barrier function of twin domain walls for
superconducting currents has been investigated recently by
Song et al. [98] for FeSe.

We finally note that our results point to the simultane-
ous existence of volume superconductivity and a Peierls-type
distorted phase at elevated pressures. There seems to be no
pressure-adjustable competition between periodic structural
distortion and superconductivity like in many other struc-
turally low-dimensional materials [15-17,29,87,88]. Subtle
pressure-induced modifications of the atom arrangement in
the distorted phase might already suffice to reconcile both
phenomena in Sc3CoCy.
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