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Superconductivity in SrB;C; clathrate
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We predict superconductivity for the carbon—boron clathrate SrB;C; with 7. = 27-43 K for Coulomb
pseudopotential (1*) values between 0.17 and 0.10 using first-principles calculations with conventional electron—
phonon coupling. Electrical transport measurements, facilitated by an in situ experimental design compatible
with extreme synthesis conditions (> 3000 K at 50 GPa), show nonhysteretic resistivity drops that track the
calculated magnitude and pressure dependence of superconductivity for u* & 0.15, and transport measurements
collected under applied magnetic fields indicate superconductivity with an onset 7. of approximately 20 K at
40 GPa. Carbon-based clathrates thus represent a class of superconductors similar to other covalent metals
like MgB, and doped fullerenes. Carbon clathrates share structures similar to superconducting superhydrides
with wide potential for tunable properties, and covalent C-B bonds allow metastable persistence at ambient

conditions.
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I. INTRODUCTION

Since superconductivity was first discovered in elemen-
tal mercury [1], the search for superconductors with high
transition temperatures (7;) has represented an active area of
research for more than a century. While much progress has
been made in the field of unconventional superconductors
(i.e., cuprates [2,3] and iron-pnictides [4-6]), the underlying
mechanisms for these materials remain controversial, which
creates challenges for the design of new higher-7. materials.
On the other hand, recent high-pressure studies on hy-
dride materials [7-20] have pushed superconductivity closer
to room temperature. The superconducting mechanisms of
these hydrides appear to be well-described by the Eliashberg
theory of phonon-mediated superconductivity, and density-
functional theory (DFT) predicts their electronic structures,
phonons, and electron—phonon coupling quite well [21,22].
In this case, high-frequency phonons account for a large por-
tion of the high superconducting transition temperature; thus,
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materials containing light elements have been considered op-
timal candidates for high-7; superconductivity [23].

As the lightest element, metallic hydrogen was first
considered to be a high-temperature superconductor [24],
followed by several high-T. (super)hydrides based on the
concept of chemical precompression [7-20,25]. Current
evidence suggests that these materials [7-20,25] are electron—
phonon superconductors, and that DFT computations may be
used to guide experiments. Indeed, H3S [8,26-28], LaH;q
[11,13,16,29,30], and others [31-36] were predicted to be
high-T, superconductors before experiments were performed.
Recent predictions even suggest the possibility for above-
room-temperature superconductivity in LiMgH 4 [12]. Many
of the high-7; superhydrides adopt clathrate-like structures in
which H atomic positions represent the vertices of polyhedral
cages and weak bonds between H atoms represent cage edges,
similar to tetrahedral clathrate host lattices [37—42]. To date,
all known superhydride materials decompose at low pressures
(most superhydrides are formed above 150 GPa). Stabiliza-
tion of superhydride superconductors at ambient conditions
presents a major challenge, and an open fundamental question
is whether other light-element compounds can approach the
high-7, values observed for superhydrides, but at reduced
pressures.

Other light-element compounds aside from hydrides
also exhibit superconductivity and possess strong covalent
bonds that enable their persistence at ambient pressure. For
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FIG. 1. (a) Electronic band structure for SrB;C; at 0 GPa. The bands projected onto the B p and C p orbitals are displayed with green
and orange points, respectively. The size of each point is proportional to the weight of the orbital character. The inset shows the crystal
structure of the SrB;Cj clathrate with green, purple, and black spheres representing Sr, B, and C atoms, respectively. (b) Projected DOS in
SrB;C;. The dashed line indicates the Fermi energy. (c) Phonon dispersion, phonon density of states (PHDOS), phonon spectroscopic function
a’F (w)/w and electron—phonon integral A(w) of SrB3C; at 0 GPa. The size of blue circles in the phonon dispersion curves is proportional to
the electron-phonon coupling strength. (d) Calculated 7. as a function of pressure with u* = 0.15. The pressure dependencies of wi,s, N, and

) are shown as insets.

example, MgB, is the highest-temperature conventional su-
perconductor known at atmospheric pressure with T, =
39 K [43]. Structurally similar to MgB,, superconductivity
(T, < 5K) was demonstrated for MB,C, (M = rare-earth
metal) compounds, and higher 7;.’s have been predicted for
MB,C, compounds containing alkali and alkaline-earth met-
als [44-46]. Doped diamond [47-49] and fullerenes [50] also
exhibit moderately high 7.. Recently, superconductivity was
predicted in undoped diamond via compression-shear defor-
mation [51] and in boron—carbon compounds [52]. Carbon-
based clathrates, sharing similar structures to the high-
pressure superhydrides, were predicted to exhibit high-T7
superconductivity at atmospheric pressure. For example, 7. ~
119 K was predicted for Na-filled carbon clathrate in the so-
dalite structure [53], and T, =~ 77 K was predicted for type-II
carbon clathrate doped with fluorine guest atoms [54]. In these
cases, sp° bonding may facilitate large electron-phonon cou-
pling [55]. Nevertheless, carbon clathrate structures represent
challenging synthetic targets due to large formation energies.

Using a combination of swarm-intelligence based struc-
ture prediction methods [56-58] and high-pressure experi-

ments, we recently predicted and synthesized a carbon-based
clathrate, SrB3Cs [Fig. 1(a)], which is stabilized by boron
substitution into the host framework [59]. SrB;C; is metallic
with an appreciable density of states at the Fermi energy, sug-
gesting the potential for superconductivity at moderately high
temperature. Here, we predict superconductivity for SrB;Cs
using first-principles electron-phonon calculations and report
experimental electrical transport measurements that are con-
sistent with the calculations. Our results suggest that the
SrB3;C;j clathrate exhibits a moderately high 7, of ~ 22 K at
23 GPa, which is estimated to increase to ~ 31 K at ambient
pressure.

II. METHODS
A. Calculations

First-principles calculations were primarily performed
in the framework of density-functional theory within the
Perdew-Burke-Ernzerhof [60] generalized gradient approxi-
mation [61] as implemented in the VASP (Vienna Ab initio
Simulation Package) code [62]. We also adopted the SCAN
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functional [63] that yields accurate electronic structures [64],
and agrees with PBE results. The projector-augmented wave
(PAW) method [65] was adopted with the PAW potentials
where 4s2 4p° 552, 252 2p', and 25 2p? are treated as valence
electrons for Sr, B, and C atoms, respectively. The use of the
plane-wave kinetic energy cutoff of 520 eV and dense k-point
sampling of 12 x 12 x 12 [66], adopted here, were chosen
to ensure that total energy calculations are well converged to
better than 1 meV per atom. For the calculation of the density
of states, we used a very dense k-point mesh of 30 x 30 x 30.
Electron—phonon coupling calculations for superconducting
properties were performed using density-functional pertur-
bation theory with the QUANTUM-ESPRESSO package with a
k-point mesh of 4 x 4 x 4 [67].

B. Experiments

High-pressure experiments were performed using
BX90-style diamond-anvil cells [68] with 300-pum culets. A
CuBe gasket was indented to a thickness of ~ 40 um and the
indentation section was removed by laser drilling. The hole
was backfilled with a cBN-epoxy mixture and reindented to
a thickness of ~ 40 um to produce an electrically insulating
gasket, in which a ~ 150-um-diameter hole was drilled
for the sample chamber. The gasket was then mounted on
a 3D-printed plastic ring equipped with a double-sided,
copper-clad printed circuit board (PCB) circuit board, with
prearranged electrical contact pads. This entire assembly was
then press-fit around the diamond seat on the cell piston for
reproducible placement of the gasket hole over the diamond
culet, which is crucial for centering the electrical contacts
on top of a sapphire thermal insulation disk. To prepare the
electrical contacts, four 25-um-thick Pt wires were cut and
pressed into the cBN-epoxy gasket so that the tips were
centered within the sample chamber. These contacts were
then soldered to the PCB board (to which longer wires were
soldered), and the whole assembly may be reproducibly
placed over the diamond culets, on which ~ 5-10-pm-thick
thermally insulating sapphire crystals were placed.

The sample precursor was prepared by ball milling a mix-
ture of SrC,, SrBg, and C, as described in Ref. [69]. An
~ 100-pum-diameter precursor pellet was then loaded into
the sample chamber within an inert Ar glovebox (on top of the
lower sapphire crystal, and between the electrodes), and the
top diamond (with top sapphire crystal) was then lowered into
the gasket to seal the sample between the insulating crystals.
The ruby and the diamond pressure scales were used to cali-
brate pressure during sample loading and unloading [70,71],
and the Ne-calibrated [69] equation of state for SrB;C; was
used to determine pressure with in situ x-ray diffraction.

After compression to ~ 50-60 GPa, samples were mea-
sured using synchrotron x-ray diffraction with in sifu infrared
laser (1064 nm) heating at sectors 16-ID-B, HPCAT, and
13-ID-D, GSECARS, Advanced Photon Source, Argonne Na-
tional Laboratory. A tightly focused flat-top infrared laser
(~ 10-um-diameter spot) was focused on the sample between
the Pt electrodes, and the power was incremented to generate
high temperatures [72]. Once temperatures near ~ 2500 K
were achieved, we observed diffraction peaks that correspond
to cubic SrB;C;, and maximal conversion was achieved at

T > 3000 K for ~ 20 min of continuous heating. The laser
position was translated a few micrometers away from the
central region between the Pt contacts to maximize conver-
sion without heating the Pt wires. Typical samples showed
~ 60 wt. % SrB;C; with unreacted SrBg surrounding the
heated region near the contacts.

After the clathrate phase fraction was maximized by heat-
ing, the temperature was quenched to ambient and the cell
was moved to an open-flow He cryostat (Cryolndustries)
equipped for AC electrical transport measurements. Reported
temperatures were measured using a Si diode and Lakeshore
336 controller attached to the diamond cell with Apiezon N
grease, and a second diode attached to the copper cell clamp
was used to monitor the temperature gradient between the
cell and clamp upon heating (cooling), which was typically
< 1 K. The sample contacts (£I, £V) were routed through
the cryostat with an in-line 1 €2 resistor to Stanford Research
Systems SR830 DSP lock-in amplifier operating at 0.1-1 V in
subtractive mode, and four-point resistance was measured as
a function of temperature. Given the variability in resistance
drop behavior due to inhomogeneities, 7. was defined as the
resistance drop onset to allow for comparisons between differ-
ent samples. Samples were cooled via the regulation of He gas
flow (~ 5-20 standard cubic feet per hour.) At temperatures
below 50 K, samples were cooled at a rate of ~ 0.2 K/min
to allow for thermal equilibration. Once base temperature
(~ 5 K) was achieved, samples warmed naturally at a rate of
~ 0.1 K/min by removing He flow; above ~ 50 K resistive
heaters were used to increase the heating rate.

Magnetic-field dependent R(T) measurements were
performed on a sample (Sample 3) generated within a non-
magnetic CuBe cell. After verifying the presence of SrB;Cj
between the electrical contacts via x-ray diffraction, the cell
was mounted in the *He Heliox system with 18-T magnet
at the University of Maryland. Four-point AC resistance was
collected during heating from base temperature (~ 4 K) in
steps of ~ 0.25 K. Thermal equilibrium was established by
ensuring that the heating and cooling curves were identical.
Data were collected from 0—18 T in steps of 1.5 T, and in steps
of 0.5 T at low field in order to define dHc,/dT |7=7,. The
resistance drop onset was used to estimate H.»(7") given that
the base of the transition is not clearly defined beyond low
field and for consistency with other data. Transition temper-
atures decrease by ~ 4 K when utilizing psg, criteria for the
low-field data where a transition base is defined. Differential
resistivity measurements were performed as a function of
temperature and magnetic field by imposing a small AC
modulation on a DC voltage between contact pairs at 40 GPa.

Twelve samples were prepared in total; however, in several
cases one or more of the electrical leads was severed, and no
resistance drop was observed due to contact resistance effects
and the incomplete conversion to the clathrate phase. The
resistivity drop was only observed for samples in which all
four electrodes remained intact. Attempts to make resistivity
measurements on recovered samples were not successful,
likely due to the reactive nature of the sample surface (samples
easily hydrolyze outside of an inert environment), although
x-ray-diffraction (XRD) measurements indicate the
metastable persistence of SrB;C; at ambient pressure under
argon [59].
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III. RESULTS AND DISCUSSION

We computed the electronic band structure SrB;C;
clathrate using the SCAN meta generalized gradient approxi-
mation functional [63], which was demonstrated to produce
accurate electronic structures [64]. The electron deficiency
of the B-C framework creates empty bands above the Fermi
level. Figure 1(a) also shows the band projections onto the
B 2p and C 2p orbitals. Compared to other orbitals, the 2p
orbitals are the most dominant components of the electronic
states near the Fermi level [Fig. 1(b)], indicating that the
electrical transport properties are primarily controlled by the
B—C framework. The band structure of SrB;C5 shows that the
conduction behavior changes from hole-like to electron-like
near the M point close to the Fermi energy, and several disper-
sive (steep) bands that cross the Fermi surface along R—-M-T".
These dispersive bands are responsible for conduction through
the B—C framework. We note also that, as the band structure
and density of states (DOS) show, one could move the Fermi
level into regions of a higher DOS by electron (hole) doping
from the SrB3Cj; stoichiometry.

We next performed electron—phonon coupling calcula-
tions to investigate potential superconductivity in SrB;C;
[73]. Phonon dispersion relations and the phonon density of
states (PHDOS) for SrB;C; clathrate at 0 GPa are shown
in Fig. 1(c). To illustrate the contributions associated with
different phonon modes, blue circles are plotted with radii
proportional to the corresponding electron—phonon coupling
strength, A. The phonon spectrum is divided into two re-
gions by a gap at 200 cm~!. The lower-frequency branch is
mainly associated with phonons involving Sr atoms, while the
higher-frequency branch is mainly associated with phonons
involving C and B atoms. The superconducting transition tem-
perature, 7., was estimated from the Allen-Dynes modified
McMillan equation [74]. At ambient pressure, the calculated
T, range is 27-43 K for Coulomb pseudopotential values of
n* = 0.17-0.10, respectively.

According to the McMillan equation, 7; is dominated by
A, the logarithmic average of the phonon spectrum (wy,), and
the DOS at the Fermi level (Nr). The electron—phonon cou-
pling parameter A was evaluated with the McMillan—-Hopfield
expression [75], from which it is clear that a large Nr has
a positive contribution to A. The calculated Ny of SrB;Cs
is 1.2 eV~! per cell at 0 GPa, which is almost completely
derived from B—C bonds [Figs. 1(b) and 1(d)]. The Ng of
SrB3C; leads to a large A of 0.95 compared to the value of
0.71 for MgB, at ambient pressure [76]. The complete mixing
of B—C vibrations throughout their frequency range, except
at the highest frequencies (above ~ 700 cm™!), contributes
86% of the total magnitude of A [Fig. 1(c)]. In contrast, the
low-frequency Sr translational vibrations (below 200 cm™')
were found to only contribute ~ 14% in total to A.

In order to test predictions of superconductivity, we de-
veloped an experimental diamond-anvil cell (DAC) technique
for in situ electrical transport measurements on samples
that require extreme synthesis conditions, e.g., 50 GPa and
> 3000 K. The refractory nature of B and C necessitates pro-
longed laser heating at very high temperatures, which is not
needed in high-pressure hydride experiments that only require
gentle pulsed heating at moderate temperatures < 1000 K

(e.g., LaH; [13,30]), or even simple exposure to visible laser
irradiation [18]. Establishing a method to produce enough
sample to satisfy the electrical transport percolation thresh-
old required to observe superconductivity (~ 16 vol. %) [77]
without melting the electrical contacts proved especially chal-
lenging. One-sided laser heating with thermal insulation was
ineffective to produce enough SrB;C; between electrical con-
tacts on the nonheated anvil. Our solution was to use two
single crystals of sapphire (~ 5—10 um thick) that rest on top
of both diamond anvils and provide thermal insulation during
heating from a tightly focused infrared laser. In this case, elec-
trical leads are placed on top of one of the sapphire crystals,
as shown in Fig. 2. By heating the synthesis precursor in a
~ 10—pm-diameter spot near ~ 3000 K on both sides, we
were able to produce samples containing ~ 60 wt. % SrB;C3
clathrate located between the Pt electrical contacts. Given the
requirement for in situ laser heating, it was not possible for
the electrical probes to make significant direct contact with the
clathrate phase, and thus additional contact resistance from the
unreacted precursor phase is always present during transport
measurements.

After verifying high-pressure, high-temperature (HPHT)
synthesis of the SrB;Cj; clathrate phase between the elec-
trical leads using synchrotron XRD, the DAC was placed
into an open-flow He cryostat equipped for AC electri-
cal transport measurements. The electrical resistance of
the samples initially increases with decreasing tempera-
ture (Fig. 3), indicating semiconducting behavior, rather
than the metallic behavior expected for the clathrate. This
transport behavior is attributed to incomplete precursor con-
version with unreacted glassy carbon, cubic SrBg, and
amorphous SrC,, which are all resistive phases and domi-
nate transport at the electrical contacts. Though conducting
at ambient pressure, compressed glassy carbon is insulating at
50 GPa [78,79]. Upon cooling StB3Cj near ~ 20 K, the resis-
tance drops sharply by ~ 30-50%, and then either increases
again with the pretransition slope or continues to fall with
additional cooling to the base temperature of ~ 5 K (Fig. 3).
This behavior is consistent with percolative transport of a
mixture of superconducting and resistive phases, the precise
proportion and position of which determines the series resis-
tance at a given temperature [80—84]. The abrupt change in
resistance is reversible with heating (cooling) cycles, showing
no detectable hysteresis, consistent with superconductivity,
but not with a structural phase transition.

The T, onset for different runs was estimated by extrapo-
lating the linear regions before and after the resistance drop.
At the highest synthesis pressure of 64 GPa, the experimental
T. = 14.4 K is in good agreement with calculations when p*
~ (.15, which is in the normal range [75]. Previous McMillan
fits for silicon clathrate BagSiss [85] and germanium clathrate
Bay,Gejgo [86,87] gave a range of 0.10-0.31 for p*. Our
computational predictions indicate that 7;. of StB;Cj increases
with decreasing pressure due to an increase in Nr, wjog, and
A [Fig. 1(d)]. The experimental resistance drops measured
during sample unloading follow this calculated pressure de-
pendence of 7. with p* bounded between 0.13 and 0.17
[Fig. 3(b)]. We note that during the review of this paper, a
report of superconductivity in SrB3;C; using the anisotropic
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FIG. 2. (a) Sample geometry for in situ electrical transport with HPHT synthesis. The 1Sr:3B:3C precursor is pressed between the diamond
anvils, separated by sapphire single crystals that serve as thermal insulation. Four Pt electrical probes sit on the bottom sapphire crystal
and are secured within the insulating gasket. (b) Photomicrographs of the sample chamber before loading (view through top diamond), and
after loading sample (view through bottom diamond). (c) Representative XRD patterns before and after heating. The heated region shows
~ 60 wt. % SrB;C; with unconverted cubic SrBg. (d) X-ray radiograph of the sample chamber with four Pt wires. Outline of the sapphire is
indicated by the white dashed line. The dashed black square contains the laser-heated region between the Pt contacts. The zoom window shows
an x-ray-diffraction intensity map for SrB;C; and Pt showing the synthesized sample between the contacts.

Eliashberg equations [88] was published [89], which confirms
our calculations with nearly identical values for T..

The superconducting nature of the transition was veri-
fied by repeating the electrical transport measurements under
applied magnetic fields. If the transition is related to supercon-
ductivity, the transition temperature will be suppressed up to
a critical field, H,,, at which point superconductivity will be
destroyed and the material will return to its normal conducting

state. With increasing field up to 18 T, the transition tem-
perature is indeed suppressed by approximately —0.8 K/T,
which indicates the superconducting nature of the sample
(Fig. 4). The superconducting transition is further supported
by differential resistance measurements, which show a peak
in dV/dI at zero bias when T < T, [Figs. 4(c) and 4(d)]. This
peak in the differential resistance at zero bias is attributed to
strong inelastic scattering at the metal-sample interface that

0.75 (b) T
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< 09 r
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FIG. 3. (a) Resistance drop during cooling of S2 to a base temperature of 5 K at 54 GPa. The heating trace (green overlay) follows the
same path with no detectable hysteresis. The inset shows the determination of the 7, onset by extrapolation of linear regions. (b) Normalized
resistance for several cooling runs at different pressures for samples S1 and S2. The inset shows the pressure dependence of experimental 7
onset values for SrB;C; with pressure (points) compared with calculations using different values of pu* (lines).
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FIG. 4. (a) Resistance of sample S3 at 40 GPa as a function of temperature and magnetic field. (b) wyH.(T') for the transition onset (black
points) compared with the WHH model (o = 0). A linear fit is shown to guide the eye. Differential resistance measurements performed (c) as
a function of temperature at zero field and (d) as a function of field at 13 K. A peak in dV/dI appears at zero bias when T < T, and B < HyH,,.

locally suppresses superconductivity and breaks down at the
high-current limit, as often observed in the thermal limit of
the Andreev reflection [90].

H,(T) data determined using transition onset criteria at
40 GPa, are not described well by the Ginzberg—
Landau (1 —#%) model, and deviate significantly from the
Werthamer—Helfand—Hohenberg (WHH) equation at fields
above ~ 7T [91,92]. This deviation, which approximates
a linear trend up to 18 T, can be described by enhanced
electron—phonon coupling [93] with A > 2; however, the
calculated coupling parameter of 0.95 suggests that strong
coupling likely does not play a dominant role. Fermi surface
anisotropy or multiband effects [94] may also serve to enhance
H»(T). Anisotropy was recently found to be important for
SrB3Cs, [89] but the specific influence on H.(T) is cur-
rently unknown. In addition, the granularity of the sample
may also influence the behavior of the upper critical field,
particularly when the grain size becomes smaller than the
coherence length [95]. While similar enhancements in H»(T")
were observed previously for other carbon and boron-bearing
superconductors [96-98] and other materials under pressure
[99], additional measurements on phase-pure samples are re-

quired to further understand the origin of this behavior and
whether it is intrinsic.

The agreement between experiment and calculations in
both the magnitude and pressure dependence of T, as well
as the suppression of the transition with magnetic field, pro-
vide compelling evidence that carbon-based clathrates are a
promising class of superconductors. The highest 7, recorded
thus far is ~ 22 K at 23 GPa. Attempts to measure the transi-
tion below ~ 20 GPa were unsuccessful due to experimental
complications on decompression such as broken diamonds or
loss of electrical contacts. Since XRD measurements con-
firm that SrB;Cj; is recoverable to ambient pressure when
held under inert conditions [59], additional measurements are
needed to confirm the presence of superconductivity at 1 atm.
Following the theoretical trend for u* = 0.15, a T, near 31 K
is anticipated at ambient pressure, which is comparable to the
current conventional record.

IV. SUMMARY

In summary, carbon-based clathrates represent a class of
superconducting materials that can exhibit high transition
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temperatures. In addition, the experimental method employed
here allows for in situ electrical transport measurements on
complex samples that require synthesis at extreme pressures
near 50 GPa and extended heating at temperatures > 3000 K.
The guest-host nature of the clathrate structure allows for a
wide range of possible substitution schemes that can tune the
electronic structure and possibly increase 7. Recent studies
suggest that hole doping with alkali metals can produce bi-
nary guest structures with transition temperatures approaching
100 K [100-102]. The possibility for such substitutions, in
addition to the possibility for a large number of alternative
clathrate structure types, suggests a path for light-element,
covalent framework materials with high-7; superconductivity
and dynamic stability at atmospheric pressure.
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