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Superconductivity Observed in Tantalum Polyhydride at High Pressure
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We report experimental discovery of tantalum polyhydride superconductor. It was synthesized under high-

pressure and high-temperature conditions using diamond anvil cell combined with in situ high-pressure laser

heating techniques.

The superconductivity was investigated via resistance measurements at pressures. The

highest superconducting transition temperature 7. was found to be ~30K at 197 GPa in the sample that was

synthesized at the same pressure with ~ 2000 K heating. The transitions are shifted to low temperature upon

applying magnetic fields that support the superconductivity nature. The upper critical field at zero temperature
1oHcz2(0) of the superconducting phase is estimated to be ~20T that corresponds to Ginzburg-Landau coherent
length ~40A. Our results suggest that the superconductivity may arise from I43d phase of TaHs. It is, for
the first time to our best knowledge, experimental realization of superconducting hydrides for the VB group of

transition metals.

DOI: 10.1088,/0256-307X,/40,/5,/057404

Tantalum of VB group elements has been widely
used in jet engines and electric devices due to its high
melting temperature, excellent ductility, and corrosion
resistance. 'l In addition, tantalum’s tolerance for intersti-
tial elements makes it a good alloy based metal for explor-
ing new properties and functions, for example, the Ta—H
system investigated for the possible hydrogen storage. >
The superconductivity (SC) associated with hydrogen has
been extensively studied and significant progress has been
made. "7 Based on the Bardeen-Cooper-Schrieffer (BCS)
theory, the SC arising from metallic hydrogen is expected
to have high superconducting temperature (7c) because
of its high Debye temperature. Although pure hydrogen
is hard to be directly metallized by pressure, [8,9] polyhy-
drides provide a shortcut to realize hydrogen metalliza-
tion at accessible pressure due to the hydrogen chemical
pre-compression effect. [10.11] Besides sulfur hydride, poly-
hydrides with clathrate-like hydrogen cage structure have
been experimentally reported to have SC with T, above
200K, [12-18] qich as the rare earth hydrides of LaH1o (250—
260K at 170-200 GPa),'* ' YHy (243-262K at 180-
201 GPa) %1% as well as alkali earth hydride of CaHg
(210-215K at 160-172 GPa).!'"¥ Many other polyhy-
dride superconductors with moderate 7. have also been

TThese authors contribute equally to this work.

found, 2% for example, T.’s about 83K at 243 GPa,
71K at 220 GPa and 70K at 200 GPa have been observed
in HfH,,?Y 7rH,,?? and SnH,,?% respectively. Since
most of the 3d transition metals have local spins, which
tend to present magnetic fluctuations that are negative
to SC, some attention turns to the early 5d transition
metals, such as Hf?»?4 and Ta.*® The hafnium poly-
hydride has been experimentally reported to exhibit SC
with maximum 7. ~ 83 K in the previous work. (21] In this
Letter, we report the synthesis of tantalum polyhydride at
high pressure of ~ 200 GPa and the observation of SC with
the maximum 7. about 30 K, which is the first supercon-
ducting hydrides experimentally realized for the VB-group
transition metals.

Tantalum polyhydride was synthesized under high-
pressure and high-temperature conditions by using dia-
mond anvil cell (DAC) high-pressure techniques. The di-
amond anvils with culet diameter of 50 um beveled to
300 um were used for the high-pressure experiments. T301
stainless was used as the gasket, which was pre-pressed and
drilled with a hole of 300 pm in diameter. Aluminum ox-
ide mixed with epoxy resin acted as the insulating layer
that was filled into the hole, then pre-pressed and drilled
to form a high-pressure chamber with 40 um in diame-
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ter. Ammonia borane (AB) as the hydrogen source was
input into the chamber, which also acted as the pressure
transmitting medium. The inner electrodes were made by
depositing Pt foils on the surface of the anvil culet with
the thickness of 0.5 um, which are covered by tantalum foil
(99.9%) with the planar size of 20 um x 20 um and 1 pm
in thickness. After clamping the DAC, it was applied to
target pressure. The pressure was determined using the
Raman peak shift of diamond. The details can be referred
to the ATHENA procedure reported in Ref. [26].

The high-pressure heating is carried out via in situ
high-pressure laser heating technique. A YAG laser in a
continuous mode with 1064 nm wavelength was adopted
for the laser heating, and the focused spot size of laser was
about 5 um in diameter. The mixture of Ta and AB was
heated at 2000 K for several minutes, where the tempera-
ture was determined by fitting the black body irradiation
spectra. For the high-pressure electric conductivity ex-
periments, the sample kept with the synthezied pressure
was put into a Maglab system that provides synergetic
extreme environments with temperatures from 300K to
1.5K and a magnetic field up to 9T. (27281 The van der
Pauw method was employed with an applied electric cur-
rent of 1 mA.
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Fig. 1. (a) Temperature dependence of resistance for

sample A (cell 1) measured at 197 GPa. The inset is
the enlarged view of resistance curve and its tempera-
ture derivative to show the superconducting transition.
(b) The superconducting transition curves for sample B
(cell 2) measured at different released pressures.

In-situ high-pressure x-ray diffraction (XRD) mea-
surements were carried out by using symmetric DACs
at 13-IDD of Advanced Photon Source at the Argonne
National Laboratory. The x-ray beam with wavelength
A = 0.3344 A was focused down to a spot of ~3pum in
diameter. Rhenium gasket was used and the diameter of
the high-pressure sample is ~ 25 um. For the diffraction
experiments, the pressure was calibrated by the equation
of state for rhenium and internal pressure marker Pt. The

XRD images are converted to one-dimensional diffraction
data with Dioptas. [29]

Tantalum polyhydride samples were synthesized under
the high-pressure and high-temperature conditions. Fig-
ure 1(a) shows the temperature dependence of resistance
R(T) measured at 197 GPa for sample A (cell 1) that was
synthesized at the same pressure of 197 GPa. The resis-
tance shows a metallic behavior in the high-temperature
range, and drops sharply to zero at low temperature,
demonstrating a superconducting transition. The inset of
Fig. 1(a) shows the enlarged view of the transition. The on-
set superconducting Tc ~ 30K can be clearly determined
by the right upturn of derivative of resistance over temper-
ature. For the sample B (cell 2) synthesized at 181 GPa,
the superconducting transitions measured at different de-
compression pressures are displayed in Fig. 1(b). The Tt is
about 25.5K at 181 GPa, which is close to T of sample A,
demonstrating that the superconducting phase of samples
can be repeated very well. It first rises slightly to 26 K with
pressure released to 162 GPa and then goes down to 25K
at 147 GPa, showing a dome-like shape of Tc(P). Such
a trend of T, dependence on pressure was also observed
in LaH0 " and CaHg'®! superconductors, which should
arise from the synergistic effect of the electron density of
state near the Fermi surface and the electron-phonon cou-
pling strength tuned by pressure.
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Fig. 2. (a) Superconducting transition for sample A (cell
1) measured at 197 GPa and different magnetic fields. (b)
The upper critical magnetic field po Hea(T) versus Tc. The
red line is the fitting via the Ginzburg-Landau (GL) the-
ory. The inset shows the linear fitting for the poHea(T')
data.

Figure 2(a) presents the temperature dependence of
resistance measured at 197 GPa and at different mag-
netic fields H for sample A. The superconducting tran-
sition is gradually suppressed when H increases. The
dashed line in Fig. 2(a) marks the resistance that the value
is 90% of the normal state at 7°°°*. The T2°% val-
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ues at different H can be determined by the crosses be-
tween the dashed line and resistance curves. The criti-
cal field Heo versus Tc is plotted in Fig.2(b). The in-
set of Fig.2(b) shows the linear fitting of the Hco(T)
data. The slope of dH./dT is about —1.07 T/K. Thus,
by using the Werthamer—Helfand—-Hohenberg (WHH) for-
mula of poH o(T) = [-0.69dHc2/dT|7,] - Tc and taking
TCQO% = 28.5K, the upper critical magnetic field at zero
temperature of puoHc2(0) can be estimated to be ~21T.
Also, poHc2(0) can be estimated by the GL formula of
poH o(T) = poH ., (0)[1—(T/T.)?]. After the fitting of the
noHe2(T) by GL formula, as shown in Fig. 2(b), poHc2(0)
can be obtained to be ~ 20T, which is comparable with
that estimated by the WHH method. From the obtained
value of poHc2(0), the GL coherent length £ can be esti-
mated to be ~ 40 A by the equation of 1o Hez(0)= ®o/27mE2,
where $y = 2.067 x 1075 Wb is the magnetic flux quan-
tum.

To further investigate the superconducting phase, the
in situ high-pressure XRD experiments were carried out.
Figure 3 shows the in situ high-pressure XRD pattern col-
lected at 195 GPa and its refinement for sample C syn-
thesized under the same pressure of 195 GPa (cell 3). For
clarity, Table 1 presents the synthesis and measurements
details for different samples. Most of the diffraction peaks
can be indexed on the basis of a cubic lattice. For different
tantalum hydrides, such as TaHs, TaHs, and TaHs, only
TaHs has been reported to be a cubic phase. Therefore,
the Rietveld refinements were performed using the I43d
TaHs structure as the initial model, and the refinements

smoothly converged to wR = 17.7% and R, = 12.3%, re-
spectively. The refined parameter a = 6.413 A and the
unit cell volume V = 231.8 A%, The Ta atoms of I43d
TaHs are located on the 16¢ Wyckoff positions of (0.52624,
0.02624, 0.47376), and the schematic view of the structure
is shown in the inset of Fig.3. Although the samples for
the x-ray and resistance measurements are not from the
same one, considering the good repeatability of our sam-
ples, our high-pressure XRD results suggest that the syn-
thesized superconducting tantalum polyhydride should be
143d TaHs.

P=195GPa

e Obs Le . @
Calc €.
——Obs—Calc

| I43d TaHjg

a=6.413A

Intensity (arb. units)

26 (deg)

Fig. 3. The XRD pattern measured under 195 GPa and
the refinement. The inset is the schematic view of I143d
TaH3 structure, showing the distorted body centered cu-
bic structure. The green octahedron accommodates two
hydrogen atoms.

Table 1. The synthesis and measurement details for different samples.

Sample Cell type Culet size  Gasket Synthesis Synthesis Measurements Measured
pressure (GPa) temperature (K) pressure (GPa)
A Piston Cylinder 50 pm T301 197 ~ 2000 R-T 197
181
B Piston Cylinder ~ 50pm T30l 181 ~ 2000 R-T 1(75;
147
C Symmetric 50 pm Re 195 ~ 2000 XRD 195

In fact, tantalum dihydride of TaHs can be synthesized
under pressure >5 GPa. [4:25:30] With increasing pressure
to more than 60 GPa, the hexagonal close packed (hcp)
TaHs would further react with hydrogen at room temper-
ature to form cubic I43d phase of TaHg.[25] Besides the
experimental results, TaHs was theoretically predicted to
be superconducting with 7. ~ 23 K at 80 GPa. (251 To check
the SC at low pressure, we carried out the synthesis of tan-
talum hydride at 88 GPa at which pressure TaHs can be
confirmed. For TaHs the hydrogen atoms are located in
the octahedral (O) and tetrahedral (T) interstitial sites of
hcp lattice. Since the hydrogen content is estimated to be
2.2, the over stoichiometric hydrogen suggests that the O-
interstice or T-interstice would accommodate more than
one hydrogen atoms. [**°l Here, for the structure model of
stoichiometric I43d TaHs, it can be considered as a dis-
torted Pm3n (NbsSn type) structure, *° i.e. two hydrogen
atoms are located in one O-interstice (the inset of Fig. 3).

It is possible that the O-interstice of I43d TaHs can ac-
commodate even more hydrogen atoms as seen in Im3m
phase of CaHg, where four hydrogen atoms are found to
be accommodated in one O-interstice, 11 but the hydrogen
content should be dependent on the synthesized pressure.
Our results suggest that higher synthesis pressure would
stabilize the cubic lattice of TaHs accommodate more hy-
drogen atoms, hence in consequence, a higher 7. would be
favored.

In summary, tantalum polyhydride has been success-
fully synthesized and found to be SC with the maximum
T. ~ 30K. The upper critical field at zero temperature,
1noHc2(0), is estimated to be ~20T. It is suggested that
the superconducting phase may arise from the 143d TaH3
phase.
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