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Record-High T, and Dome-Shaped Superconductivity in a Medium-Entropy Alloy
TaNbHfZr under Pressure up to 160 GPa
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Superconductivity has been one of the focal points in medium and high-entropy alloys (MEAs-HEAS)
since the discovery of the body-centered cubic (bcc) HEA superconductor in 2014. Until now, the
superconducting transition temperature (7.) of most MEA and HEA superconductors has not exceeded
10 K. Here, we report a TaNbHfZr bulk MEA superconductor crystallized in the BCC structure with a T, of
15.3 K which set a new record. During compression, 7', follows a dome-shaped curve. It reaches a broad
maximum of roughly 15 K at around 70 GPa before decreasing to 9.3 K at 157.2 GPa. First-principles
calculations attribute the dome-shaped curve to two competing effects, that is, the enhancement of the
logarithmically averaged characteristic phonon frequency o, and the simultaneous suppression of the
electron-phonon coupling constant A. Thus, TANbHfZr MEA may have a promising future for studying
the underlying quantum physics, as well as developing new applications under extreme conditions.
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Superconductivity is a fascinating macroscopic quantum
phenomenon. The cooperation or competition of super-
conductivity and other order parameters (charge density
wave [1,2], spin density wave [3,4], pair density wave [5],
etc.) has given complex phase diagrams for superconduc-
tivity. Dome-shaped superconductivity is one of the obser-
vations, which exists in various superconducting systems,
such as kagome lattices [6,7], heavy fermions [8], copper
oxide [9,10], and iron-based superconductors [11].
Interestingly, superconductivity can also be observed in
amorphous materials, as well as dome-shaped supercon-
ductivity [12]. More recently, medium or high-entropy
alloys (MEAs-HEAs) [13-22] have become a new platform
to study superconductivity because of the expansion of the
compositional space by multicomponent and the unpre-
dictable properties indicated by the cocktail effect [23] that
differs from single elements. This kind of alloy is distin-
guished by the presence of a well-defined crystal lattice in
high symmetry, amorphous-type chemical (substitutional)
disorders, and even numerous distortions. As a result,
studying their intrinsic superconductivity contributes to a
better understanding of the differences and physical mech-
anisms of superconductivity between crystallized and
amorphous superconductors.

The definition of MEAs and HEAs depends on AS,;,
(MEAs have a AS,;, between R and 1.5R [24,25], and
HEAs have a AS,;;, larger than 1.5R [13,26], where the R is
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the gas constant). Since the body-centered cubic (bcc) HEA
superconductor was first reported in 2014 [27], the super-
conductivity in MEAs-HEAs has aroused broad interest.
MEA-HEA superconductors are often synthesized using
the electric arc melting method. There are also reports of
producing thin films to enhance their potential applications
[28-30], such as superconducting electronic circuits
or device fabrication. Detailed theoretical studies of the
electronic structures are also reported [31,32]. Until now,
the crystal structures of MEA-HEA superconductors have
primarily consisted of bcc, @—Mn, CsCl, and hexagonal-
close-packed (hcp) structures [33—37]. In order to study
the underlying physical mechanism, a common research
method is chemical doping, which can manipulate the
composition ratios between the principal elements of MEA-
HEA superconductors. In the bee phase [33,34], von Rohr
et al. used arc melting of the elements under argon to
synthesize (TaNb),_, (HfZrTi),, and they found a dome-
shaped curve of dope-dependent 7. with the highest T
(8.0 K) occurring in x = 0.3. At the same time, in &—Mn
phase, Stolze et al. have studied superconductivity
in (ZrNb),_,(MoReRu),, (HfTaWIr),_,(Re), and
(HfTaWPt),_,(Re),, and they found a nearly linear
dependence of T, on doping [35]. In contrast, in CsCl—
phase, K. Stolze et al. discovered the opposite linear dop-
ing dependency of 7. compared to the a—Mn phase
[36]. Different doping dependencies of T, across various

© 2024 American Physical Society
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(a) Valence electron count (VEC) dependence of the superconducting transition temperature (7'.) for some MEAs and HEAs

including TaNbHfZr MEA. The data were taken from Refs. [27,33,35-37,39]. (The a—Mn phase derives from the low-temperature
allotrope of manganese and is bcc with a relatively large crystallographic cell that contains more atoms than the simple bce and CsCl-
type structures in MEA and HEA superconductors) (* refers to high-pressure experiment) (b) Crystal structure of TaNbHfZr MEA.
(c) XRD patterns of TaNbHfZr at ambient pressure. (d) EDX elemental mappings of TaNbHfZr.

structures demonstrate the complexity of the underlying
physical mechanisms in MEA-HEA superconductors.
Compared to doping, pressure, as a relatively clean
physical factor, is also frequently used to study super-
conductivity. The robustness of superconductivity is the
most significant characteristic of MEA-HEA superconduc-
tors [24,38]. In 2017, researchers announced a HEA
(TaNDb),, o7 (HfZrTi),, 53, which maintained structural integ-
rity and zero electrical resistance under pressures up to
190.6 GPa [38]. T, rises slowly with pressure, from
around 7.7 K at ambient pressure to 10 K at roughly
60 GPa. As pressure is increased further, 7. essentially
stays constant up to around 190 GPa. Superconductor
(ScZrNbTa), 4(RhPd),, was also observed to exhibit a
similar phenomenon under pressure [24]. T, increases to
12.5 K upon compression but saturates at pressures of
30 GPa. The high AS,,;, decreases the Gibbs’ free energy,
and hence phase stability is expected. So the discovery of
the robustness of superconductivity under extremely high
pressure was thought to be related to the high AS, ;. Given
the variety of superconducting alloy types and the complex
physical mechanisms reflected in doping research, the
pressure dependence of superconducting transition temper-
ature in MEA-HEA superconductors may exhibit different

behaviors with those by changing the compositions, which
is beneficial for the understanding of intrinsic behavior of
the superconductivity.

The selection of experimental materials is based on
two experimental facts. First, one of the most commonly
utilized elements in the design of MEA and HEA with a
reasonably high 7. is the Nb element [24]. Second,
doping experiments demonstrate that MEA and HEA
have the maximum 7. when the valence electron number
is around 4.6 e/a [33,34]. So we choose quaternary
TaNbHfZr MEA with a valence electron count of
4.5 e/a and present the crystal structure and physical
properties at extreme pressures. The results show a dome-
shaped superconductivity of up to 157.2 GPa with the
highest T, of 15.3 K at 71.6 GPa. First-principles
calculations attribute the dome-shaped curve to two
competing effects, that is, the enhancement of the
logarithmically averaged characteristic phonon frequency
@y, and the simultaneous suppression of the electron-
phonon coupling constant A. In fact, TaNbHfZr MEA’s T',
is the highest value ever placed in MEAs and HEAs,
which will be helpful for understanding the underlying
quantum physics in the future. [Various MEA and HEA
T, are listed in Fig. 1(a)].
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FIG. 2. Characterization of the superconductivity of the TaANbHfZr MEA at high pressure. (a) Temperature-dependent resistance of
TaNbHfZr MEA from 1.8 to 43.4 GPa. (b) The enlarged view of the temperature-dependent resistance from 1.8 GPa to 43.4 GPa. (Except
for data at 1.8 GPa, all other curves in b have been vertically shifted for clarity). The onset 79" was determined as the temperature where
resistivity starts to deviate from the extrapolated normal-state behavior. The 72 was determined as the zero-resistivity temperature.
(c) Temperature-dependent resistance of TaNbHfZr MEA from 45.8 to 157.2 GPa (enlarged view). (Except for data at 45.8 GPa, all other
curves in ¢ have been vertically shifted for clarity) (d) The resistive transition under different magnetic fields at 9.1 GPa. (¢) The temperature
dependence of the upper critical field pyH ., with the WHH model fitting and the Ginzburg-Landau function fitting. (f) The pressure
dependence of the upper critical field at zero temperature uyH ., (0) fitted by the Ginzburg-Landau function.

X-ray diffraction (XRD) analysis at ambient pressure
shows that the TaNbH{Zr MEA crystallizes in a bec structure
[Fig. 1(b)], and the lattice parameter is a = 3.4157 A
[Fig. 1(c)]. The high-intensity peak with Miller index (110)
can be seen clearly in Fig. 1(c). Figure 1(d) shows energy-
dispersive x-ray spectroscopy (EDX) elemental map-
pings of TaNbHfZr, suggesting a homogeneous elemental
distribution.

The T, of TaNbHfZr at ambient pressure is 8.1 K (shown
in the Supplemental Material Fig. S3 [40]). We performed
high-pressure resistance measurements at different pres-
sures. Temperature-dependent resistivity of TaNbHfZr
from 1.8 to 31.2 GPa (2-300 K) is demonstrated in
Fig. 2(a). At cryogenic temperatures [the enlarged view
of the temperature-dependent resistance is shown in
Fig. 2(b)], the TaNbHfZr MEA is revealed to be a super-
conductor. T, linearly shifts from 8.5 K at 1.8 GPa to
14.0 K at 43.4 GPa. Here, we define 7T, to be the onset
temperature of the superconductivity 79", It is noteworthy
that at pressures below 27.8 GPa, the temperature depend-
ence curves of electrical resistance exhibit a linear relation-
ship, which is different from the conventional behavior
seen in Fermi liquid metals. Such behavior suggests the
existence of possible electron correlations. However, no
signature of spin or charge fluctuations are observed from
9Nb-NMR measurements (shown in Supplement Material
Fig. S4 [40]). Therefore, the T-linear electrical resistivity
behavior may be attributed to the complexity associated
with sample preparation and the pressurization process. At
T > T, the normal state resistivity increases slowly with

the temperature at all pressures, indicating poor metallic
behavior. The very low residual resistivity ratio (RRR),
which is found to be p(300)/p(10) = 1.1, points to the
possibility of atomic-scale disorder in the MEA. Strain
sensitivity is one of the most important metrics for strain
materials, indicating their ability to change resistance under
elastic deformation or pressure. We have determined the
resistivity isotherms at various pressures in order to estimate
this feature. At 300 K, the pressure coefficient of the
resistance is —1.0 x 1072 GPa~!. It is worth noting that,
under the same conditions, the widely used strain gauge
alloy manganin exhibits analogous resistance changes by
absolute value but with the reverse sign (resistivity increases
with increasing pressure) [56,57]. Because of its significant
tensoresistive effect, thermal stability, and superior mechani-
cal properties, TaNbHfZr MEA is a potential metallic
material for the development of sensitive components for
tensometric transducers operating in extreme conditions.

Resistance measurements were also made over the
extensive pressure range of 45.8-157.2 GPa in order to
examine the superconducting behavior at higher pressures.
Figure 2(c) shows the enlarged view of the temperature-
dependent resistance. The results prove that the TaNbH{Zr
MEA exhibits superconductivity even at pressures as high as
157.2 GPa. T, first reaches a broad maximum (around 15 K)
within the pressure range of 45.8-79.8 GPa compared to
lower pressure, which then drops to 9.3 K at 157.2 GPa.
The maximum 7. in the experiment is 15.3 K at 71.6 GPa.
In terms of all HEAs and MEAs currently known, 15.3 K set
a new record to the best of our knowledge.
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We conducted R(7) measurements under various exter-
nal magnetic fields at 9.1 GPa to confirm the presence of
superconductivity in TaNbHfZr MEA. As can be seen in
Fig. 2(d), the resistance transition gradually shifts to lower
temperatures and becomes broader when magnetic fields
are applied, which is a hallmark of the superconducting
transition. Given that 7. is 6.6 K under 6 T, it is clear
that the magnetic field has a significant impact on the
transition. Using the same criteria as for zero-field
resistivity measurements, we were able to determine the
temperature variation of the upper critical field (uoH,)
for the TaNbHfZr MEA, which is shown in Fig. 2(e).
The resulting slope (dugH.,/dT) is —2.04057 T/K
for the TaNbHfZr MEA. The data was fitted using
the Werthamer-Helfand-Hohenberg (WHH) formula:
IuOHc2(O) = _0'693Tc(d,u0Hc2/dT)|T:TL' USil’lg Tc =
9.5 K, the dirty limit uyH,(0)VHH value was calculated
to be 13.4 T [green line in Fig. 2(e)].

The data were also fitted with the Ginzburg-Landan (GL)
formula:  pigH,(T) = poH,(0) x {1 — (T/T,Y]/[1 +
(T/T.)?]}. In the full temperature range, the GL model
provides a satisfactory fit to the experimental data. The
calculated value of poH(0)" is 16.3 T. According to
BCS theory, the Pauli limiting field for a superconductor
can be described by uoH, =1.84 TK™!' x T, that is,
17.5 T for the TaNbHfZr MEA sample, which is larger
than the upper critical field at zero temperature poH ., (0)
[blue line in Fig. 2(e)]. TaNbHfZr’'s GL coherence
length [, (0)] is calculated as 44.9 A by the relation:
&4 (0) = [¢o/27H (0)], where ¢y = h/2e. It implies that
the TaNbHfZr MEA contains significant electron-electron
interaction.

To quantify the effect of the pressure on poH.,(0), we
performed R(7T) measurements under various external
magnetic fields up to 8 T at other pressures (1.8, 31.2,
43.4,95.5, and 155.9 GPa). We plotted T versus poH ., (0)
[fitted with the Ginzburg-Landan (GL) formula] at various
pressures in Fig. 2(f). The results demonstrate that for
pressures between 1.8 and 31.2 GPa, poH ,(0) is initially
insensitive to pressure. Then, it steadily decreases with
pressure to 2.6 T at 155.9 GPa, indicating an inhibitory
effect of high pressure.

We plotted the 7', of TaNbHfZr versus high pressure up
to 157.2 GPa in Fig. 3(a). We can see a monotonically
increasing 7. with pressure ranging from 1.1 to 45.8 GPa.
After T, reaches a broad maximum (around 15 K) within
the pressure range of 45.8 to 79.8 GPa, then gradually
decreases to 9.3 K at 157.2 GPa.

By ?*Nb-NMR spin-lattice relaxation rate measurement,
a Hebel-Slichter coherence peak is seen just below T
(shown in Supplement Material Fig. S4 [40]), indicating the
s-wave pairing symmetry of the superconducting gap.
Therefore, electron-phonon coupling is likely the primary
factor for TaNbH{Zr. Then, to explain the dome-shaped
superconductivity in TaNbHfZr MEA, we performed

(a)
T, up T, down
16|
—
X
,:; 12}
O Experiment
8 O Calculated result
(b) 5|18
250t © o 0% 1,4
—_ o o o A ° o
5 200 | ° 0O o 11.2
{1.0
8 150 o o %o o os <
3 o©° %o 1
100 o © %00 g6
0 40 80 120 160
Pressure ( GPa)
FIG. 3. (a) Pressure-dependent superconducting transition tem-

perature of TANbHfZr MEA (red) and the calculated evolution of
superconducting transition temperature 7. (blue). (b) Logarithmi-
cally averaged characteristic phonon frequency wy,, (red) and the
electron-phonon coupling constant A (blue) under high pressure.

first-principles calculations to explore the potential mecha-
nism. The crystal structure is simulated via the virtual
crystal approximation (VCA) method. The VCA is con-
sidered as an oversimplified method, but it is applicable
when studying the high-entropy alloy, especially when the
constituent elements are in adjacent rows or columns of the
period periodic table [58,59]. To understand the pressure-
dependent superconductivity detected experimentally, we
calculated the superconducting transition temperature
under different pressures by solving the Allen-Dynes-
modified McMillan formula [60,61]. As indicated in
Fig. 3(a), the calculated results show a dome-like super-
conducting diagram (7. is 13.2 K at 50 GPa). This
indicates the VCA simulation is acceptable for the
TaNbHfZr system we studied. Above 50 GPa, the calcu-
lated T, decreases at a faster rate than the observed T'... This
hysteresis behavior for the evolution of superconductivity
with pressure may be caused by the disorder part in
TaNbHfZr MEA [62]. According to the Allen-Dynes-
modified McMillan formula, one can know that the super-
conducting transition temperature is related to the
logarithmically averaged characteristic phonon frequency
@y, and the electron-phonon coupling constant 4. We
also plotted the evolution of y,, and 4 in Fig. 3(b), one can
see that the w,, is monotonically increasing and 4 is
monotonically decreasing with applying pressure.
Figures 4(a)-4(c) show the phonon dispersion and the
phonon density of states (phDOS) at 0, 50, and 155 GPa,
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one can see that the phonon frequency is increasing with
increasing pressure, and the phDOS is broadened at the
same time. Such pressure-induced blueshift of phonon
frequency agrees well with the evolution of @y, and the
larger o, is conducive to superconductivity. It is worth
noting that there are no imaginary frequencies in the
phonon dispersion within the range of 0—155 GPa, indicat-
ing the stability of the bcc phase structure of TaNbHfZr
MEA under high pressure (shown in Supplement Material
Fig. S2 [40]).

When it comes to the band structures, we can see that the
dispersion of the band around the Fermi level is enhanced
with increasing pressure from Figs. 4(d)—4(f). Comparing
the band structures at O and 50 GPa, there are band
topological changes, indicating no Lifshitz transition under
this pressure range. The calculated electron density of states
(DOS) shows that the Fermi level is located at the shoulder
of the density of states, but the maximum value of the
shoulder is decreasing under high pressure. The decrease of
the N(E), 4 leads to a reduction in the superconducting
transition temperature based on the original BCS function
[63,64], but the blueshift of F(w) may cause a larger Wiggs
which is beneficial to a higher superconducting transition
temperature. So the dome-shaped curve may be attributed
to the competing effects of the logarithmically averaged
characteristic phonon frequency @, and the electron-
phonon coupling constant A.

In summary, our study unveils the highest 7', (15.3 K at
71.6 GPa) in bcc—TaNbHfZr MEA with a dome-shaped
superconductivity. The upper critical field at 0 K is 16.3 T
deduced by fitting the GL equation. The zero-resistance
state and upper critical fields are observed from ambient

(a)—(c) The phonon dispersion and phDOS at 0, 50, 155 GPa. (d)—(f) The band structure and DOS at 0, 50, 155 GPa.

pressure to pressures as high as around 160 GPa, together
with the high compressibility (The volume is compressed
by about 21.5% at 50.5 GPa, and the third-order Birch-
Murnaghan equation of state extrapolated change of the
volume up to 157.2 from 50.5 GPa is about 37.5%, shown
in the Supplemental Material Fig. S1d [40]). First-
principles calculations attribute the dome-shaped curve to
two competing effects, that is, the enhancement of the
logarithmically averaged characteristic phonon frequency
wy,, and the simultaneous suppression of the electron-
phonon coupling constant A. The phonon dispersion at the
range of 0-155 GPa proves the stability of the bcc phase
under high pressure. The special dome-shaped supercon-
ductivity and the record-high 7. contribute to a better
understanding of the differences and physical mechanisms
of superconductivity between crystals and amorphous
superconductors.
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