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Elemental materials provide clean and fundamental platforms for studying superconductivity. However,
the highest superconducting critical temperature (7'.) yet observed in elements has not exceeded 30 K.
Discovering elemental superconductors with a higher 7. is one of the most fundamental and challenging
tasks in condensed matter physics. In this study, by applying high pressure up to approximately 260 GPa,
we demonstrate that the superconducting transition temperature of elemental scandium (Sc) can be
increased to 36 K from the transport measurement, which is a record-high 7', for superconducting elements.
The pressure dependence of 7', implies the occurrence of multiple phase transitions in Sc, which is in
agreement with previous x-ray diffraction results. Optimization of T, is achieved in the Sc-V phase, which
can be attributed to the strong coupling between d electrons and moderate-frequency phonons, as suggested
by our first-principles calculations. This study provides insights for exploring new high-7, elemental

metals.
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Elemental solids are the simplest material systems and
provide fundamental platforms for the study of various
physical properties. Superconductivity is an intriguing
phenomenon that has been observed in over 50 elements
at ambient and high pressure. Although the superconduct-
ing critical temperatures (7'.) of most elements are rela-
tively low, several elements exhibit 7', values near or above
20 K [1,2], including sulfur (7', of ~17 K at 220 GPa) [3],
vanadium (7, of ~17 K at 120 GPa) [4], lithium (T, of
~15-20 K at 30 GPa) [5,6], scandium (Sc), and yttrium (Y)
(T, of ~20 K at 100 GPa) [7,8], calcium (Ca) (T, of
~21-29 K at 220 GPa) [9], and titanium (Ti) (7', of ~26 K
at 240 GPa) [10,11]. Although metallic hydrogen has been
proposed to be a room-temperature superconductor [12,13],
its synthesis remains a major challenge and is under
debate [14-16]. Despite the significant increase in 7. for
some elements at high pressure, the highest recorded T'.. in
elemental solids is still below 30 K to date, and searching
for higher T, in elements remains an important challenge.

As the first 3d-transition element, Sc is often grouped
with rare-earth metals due to its similar chemical properties.
It forms a hexagonal close-packed structure (Sc-I) at
ambient pressure and adopts an incommensurate host—
guest structure (Sc-II) above 23 GPa [17]. Interestingly,
superconductivity appears and rapidly increases with
increasing pressure in Sc-II. A maximum 7, of nearly
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19.6 K is reached at approximately 100 GPa; however, T,
suddenly drops when the structure changes to Sc-1II above
104 GPa [8]. The relatively high T, is attributed to s-d
transfer, similar to that of other rare earth and transition
elements [8]. With further increasing pressure, Sc-III turns
into Sc-IV above approximately 140 GPa and into Sc-V
above approximately 240 GPa [18]. However, the struc-
tures of Sc-III and Sc-IV are still not fully resolved. Recent
theoretical work suggests that the Ccca-20 phase is a likely
candidate for the observed Sc-III phase, whereas the
structure of Sc-IV may consist of random stacking of
different structural units [19]. The structure of Sc-V has
been demonstrated by x-ray diffraction (XRD) experiments
to consist of six-screw helical chains with a hexagonal
lattice (space group P6,22) [18], which is unique and
has not been observed in other elements. Despite its rich
high-pressure phase diagram, the physical properties of the
high-pressure phases have not yet been well explored,
especially the superconducting properties of the Sc-IV and
Sc-V phases.

In this Letter, we found that 7. can be increased from
18 K at 130 GPa to 28 K at 220 GPa for the Sc-IV phase.
When the structure becomes Sc-V, T, can be increased to
36 K, which is the highest recorded 7', in superconducting
elements. Our first-principles calculations indicate that
Sc-V is a typical phonon-mediated superconductor, and
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FIG. 1.

(a),(b) Temperature dependence of resistance for samples S1 and S2. (c)—(e) Replot of resistance curves for S1 and S2. All the

curves are shifted vertically for clarity. (c) 7, gradually increases with increasing the pressure up to 100 GPa. (d) T, is slightly
suppressed with increasing the pressure up to 130 GPa and then starts to increase again with further increasing the pressure.
(e) Superconductivity up to 36 K emerges above approximately 220 GPa.

the strong coupling between d electrons and moderate-
frequency phonons is responsible for the high T..

Samples of 99.9% purity Sc were loaded into a diamond
anvil cell. To prevent the reaction of Sc with air and water,
all preparation processes were performed in an argon
glovebox. To achieve pressures above 200 GPa, diamond
anvils with various culets (30 or 50 pm) were used for high-
pressure transport measurements. Four triangular 200 nm
gold (with a 10 nm chromium underlayer) were deposited
on the surface of the culet of the diamond anvil as the inner
electrode. The electrodes were insulated from the rhenium
gasket with a c-BN/epoxy mixture. A 15-20 pm diameter
hole was drilled in the center of the gasket as the sample
chamber. A small piece of Sc was cut from the ingots and
then densely compressed into the sample chamber without
any pressure medium. Miniature diamond anvil cells [20]
or diamond anvil cells manufactured by the HMD corpo-
ration were used for high-pressure experiments. The
pressure was calibrated using the shift of the diamond
anvil Raman at room temperature, and the pressure differ-
ence was approximately 10-15 GPa above 200 GPa for
different locations in the sample. Transport measurements
were performed using the physical property measurement
system (Quantum Design) or TeslatronPT system (Oxford
Instruments) with a 100 pA current applied to the sample.
Details of our theoretical methods are described in
Supplemental Material [21].

To investigate the superconductivity of elemental Sc at
high pressure, we performed high-pressure resistance
measurements. The temperature dependence of the resis-
tance for Sc under various pressures is presented in Fig. 1.
Superconductivity appears in Sc-II, and 7, gradually
increases to 19 K with increasing the pressure to approx-
imately 100 GPa, which is consistent with previous
results [8]. T, slightly decreases by further increasing
the pressure, which may be due to the structural phase
transition from Sc-II to Sc-III. At pressures above 130 GPa,
T, can be increased from 18 K at 130 GPa to 28 K at
approximately 220 GPa in Sc-IV. With further increasing
the pressure, superconductivity with a 7. up to 36 K
emerges when the structure possibly changes to Sc-V, as
illustrated in Figs. 1(e) and 2(a). This is the highest
observed 7. of any element. The superconducting phase
diagram of Sc at high pressure is mapped in Fig. 2(b). The
pressure dependence of 7. suggests multiple phase tran-
sitions and the phase boundary determined by 7. in our
experiments is consistent with previous XRD results [18].

Compared with the previous high-pressure ac suscep-
tibility work on Sc [8], the critical pressure is nearly 20 GPa
lower in the Sc-II phase, which may be due to the pressure
increase at low temperatures in our high-pressure resistance
measurements. The 7. determined by ac susceptibility is
much lower than our results in the Sc-III phase, and the
transition in the ac susceptibility is rather broad, as
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(a) Temperature dependence of the resistance for samples S2, S3, and S6 with pressures above 230 GPa. The onset of

superconductivity at approximately 36 K is indicated by arrows. (b) Superconducting critical transition temperature 7. of elemental
scandium (Sc) at high pressure. The dashed areas represent the phase boundaries for compressed Sc with different crystal structures. T,

is determined from the onset of the resistance transition.

illustrated in Fig. S3 in Supplemental Material [21]. This
may be due to the filamentary-fractional superconductivity
in the Sc-III phase, which occurs when the resistance starts
to drop; however, bulk superconductivity can only be
achieved at much lower temperatures. The origin of such
filamentary-fractional superconductivity in the Sc-III phase
could be due to the phase mixture in the Sc-III phase.
A small portion of Sc-II or Sc-IV may coexist with the
Sc-IIT phase and lead to the higher 7', in the resistance
measurement.

In the Sc-V phase, T, reaches its maximum value of 36 K
and is nearly unchanged with further compression. Our
high-pressure superconducting phase diagram for Sc indi-
cates that T, is highly correlated with the crystal structure.
The neighboring elements of Sc in the periodic table (Ca,
Ti, and Y) also exhibit relatively high T'. at high pressure,
suggesting the critical role of s-d charge transfer in these
compressed elements. Previously reported highest 7. is
observed in Ca which is determined by the very weak
resistance drop at 29 K [9]. The exceptionally high T,
observed in the Sc-V phase indicates that the crystal
structure must also be taken into consideration for pursuing
high 7. in elemental superconductors. Because we only
performed high-pressure resistance measurements, it is
unclear whether the superconductivity is filamentary or
fractional superconductivity for the Sc-IV and Sc-V phases.
High-pressure magnetic and/or heat capacity measurements
should be performed in future work to examine the bulk
superconductivity, although these techniques are challeng-
ing above 200 GPa.

Figure 3 illustrates the superconducting transition
under different magnetic fields for Sc at various pressures.
We can estimate the upper critical field (H,,) from these
resistivity curves. H,., exhibits a linear dependence
on T,., as illustrated in Fig. S4(a) in Supplemental
Material [21]. In the weak-coupling Bardeen-Cooper-
Schrieffer theory, the upper critical field at 7 =0 K can
be determined by the Werthamer-Helfand-Hohenberg

equation  [34]  poH(0) = 0.693[—(duoH »/dT)|7 T
We can deduce pgH,(0) for Sc at various pressures, as
displayed in Fig. S4(b) in Supplemental Material [21].
uoH »(0) for the Sc-IV phase is approximately 40 T and
decreases to approximately 30 T for the Sc-V phase. The
Helfand-Werthamer (HW) theory is often applied to aniso-
tropic superconductors, especially to two-band clean mate-
rials [34,35]. In the HW scheme, the sudden change in the
[—(duoH o/dT))7 /T value can be attributed to the
change in the Fermi surface topology [36]. The pressure
dependence of [—(dugH/dT)]y /T, is presented in
Fig. S4(b) in Supplemental Material [21]. We observe that
[—(duoH »/dT)]7 /T, exhibits anomalies at approxi-
mately 130 and 230 GPa, as demonstrated in Fig. S4(b),
which correspond to the Sc-III to Sc-IV and Sc-1V to Sc-V
structural phase transitions, respectively.

To obtain insights into the mechanism of the high T'.. in
the Sc-V phase, we performed first-principles calculations
on the electronic structures and superconducting properties
of Sc-V at 230 GPa, as illustrated in Figs. 4 and 5.
Figure 4(a) illustrates the calculated Brillouin zone and
selected high-symmetry-point path for the electronic
band and phonon dispersion calculations. Figure 4(b)
indicates that four bands cross the Fermi level, most of
which are composed of electrons from the unfilled d
orbitals. These d electrons contribute significantly to the
total density of states at the Fermi level. Particularly,
from the band dispersions in Fig. 4(b), we can see van
Hove singularities on the bands on the Fermi level
near the K and H points as well as on the K — I' line,
which may further increase the total density of states.
Figure 4(c) indicates that there are multiple cylindrical
Fermi pockets along the ' — A path and several ellipsoidal
Fermi pockets around the H, K, M, L, and 1/2AL
points. The variety of the Fermi surface indicates
complex nesting, which further suggests the possibility
of superconductivity.
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Temperature dependence of the resistance of scandium (Sc) at various magnetic fields. The upper critical field o H ., for various

pressures can be extracted from these curves. T, is determined from the onset of the resistance transition, as displayed in Fig. S4(a).

Therefore, we performed electron-phonon coupling
calculations for the Sc-V phase. Figure 5(a) illustrates
the calculated y,;/w,; resolved phonon spectrum, phonon
density of states, Eliashberg function o?F(w), and accu-
mulated electron-phonon coupling strength A(w). The
absence of imaginary frequencies demonstrates the
dynamic stability of the Sc-V phase at 230 GPa. We can
classify the phonon spectrum into three zones: a low-
frequency zone below 100 cm™!, a moderate-frequency
zone from 100 to 400 cm™!, and a high-frequency zone
above 400 cm~!. The strong coupling mainly originates
from the moderate-frequency zone, which contributes
approximately 94.5% of the electron-phonon coupling
strength 4, especially around the M, K, L, and H points
(also see Fig. S6 in Supplemental Material [21] ). The small
value of phonon density of states in the low-frequency zone
and the inverse relationship between A and @ suppress the
coupling from low-frequency phonons and high-frequency
phonons, respectively.

The final results of our calculations for Sc at 230 GPa are
A=127and T, = 33.0 K. The high T'.. can be attributed to
the strong coupling between electrons from unfilled d
orbitals and phonons from the moderate-frequency zone.
We also calculated A and T, at 250 and 270 GPa, as
illustrated in Fig. 5(b). From 230 to 270 GPa, 4 and T, of
Sc-V do not change significantly, remaining at 1.27-1.28
and 33.0-34.9 K, respectively. The calculated value of 4 is
close to that determined by analysis of the normal-state

A DOS
FIG. 4. Electronic properties of Sc-V at 230 GPa. (a) Reciprocal
lattice. The Brillouin zone is surrounded by black lines, with red
lines representing high-symmetry-point paths and the blue axis
representing the reciprocal vector. (b) Projected band structure
and density of states. Red, green, and blue dots or lines represent
the contributions of electrons from s, p, and d orbitals, respec-
tively. The size of the dots in the band dispersion is proportional
to the contribution of electrons from related orbitals. The Fermi
level is shifted to 0 eV, as labeled by the dash-dotted line. (c) Top
view of the Fermi surface, which reveals hexagonal symmetry
and complex nesting.
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Superconducting properties of Sc-V. (a) Calculated y,;/w,; resolved phonon spectrum, phonon density of states, Eliashberg

function @? F (@), and accumulated electron-phonon coupling strength A(w) at 230 GPa. The size of the magenta circles is proportional

to the value of the dimensionless parameter y,;/w@,;

which originates from o*F(w) = [/2aN(E;)|(1/N,) > ,;[~/2zN(E;)]

(1/Ny)(r4j/@4;)8(w — »,;) and evaluates the coupling in a*F(w). (b) Superconducting properties at 230, 250, and 270 GPa. The
solid red triangles and solid black squares represent the electron-phonon coupling strength A and transition temperature 7., respectively.

resistance, as presented in Supplemental Material [21].
The variation of 7. is very small and consistent with the
experimental results. These results indicate that Sc-V is a
typical phonon-mediated superconductor, which is differ-
ent from 6-Ti, where the correlation effect of d electrons
significantly influences 7. [11].

In conclusion, we performed high-pressure transport
measurements on elemental Sc up to approximately
260 GPa using diamond anvil cells and observed a
record-high superconducting 7. of 36 K in the Sc-V phase.
The pressure dependence of 7'. suggests multiple phase
transitions, which is consistent with previous XRD results.
The results of our first-principles calculations are in good
agreement with the experimental results, indicating that
Sc-V is a conventional phonon-mediated superconductor.
The strong coupling between d electrons and moderate-
frequency phonons is responsible for the high 7.. Our
findings provide an avenue for the design and synthesis of
new high-T, superconductors among simple materials
under extreme conditions.
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