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A B S T R A C T   

Studies on polyhydrides are attracting growing attentions recently due to their potential high temperature su
perconductivity (SC). We here report the discovery of SC in hafnium polyhydrides at high pressures. The hafnium 
superhydrides are synthesized at high pressure and high temperature conditions using diamond anvil cell in 
combination with in-situ high pressure laser heating technique. The SC was investigated by in-situ high pressure 
resistance measurements in applied magnetic fields. A superconducting transition with onset Tc ~83 K was 
observed at 243 GPa. The upper critical field μ0Hc2(0) was estimated to be 24 T by GL theory and the consequent 
superconducting coherent length ξ to be ~37 Å. Our results suggest that the superconducting phase is from C2/ 
m-HfH14. This is the first 5d transition metal polyhydride superconductor with Tc above the liquid nitrogen 
temperature.   

1. Introduction 

The research of superconductivity (SC) in polyhydrides has received 
intensively attentions since the high critical transition temperature Tc 
almost approaches room temperature [1–3]. The high Tc SC is consid
ered to arise from the metallized hydrogen framework on the basis of 
Bardeen-Cooper-Schrieffer theory. In the regard the electrons from 
hydrogen have considerable contribution to the density of state near the 
Fermi surface. Since hydrogen is the lightest element and thus possesses 
high Debye temperature, polyhydrides would be expected to exhibit 
high Tc SC if the hydrogen framework metallization occurs. Several 
polyhydrides have been theoretically predicted and experimentally 
discovered to possess high Tc SC under high pressure [4–20]. The SH3 is 
the first superhydride that was reported to exhibit SC with Tc exceeding 
200 K [4,5]. Then a series of metal polyhydrides superconductors are 
experimentally discovered such as LaH10, YH9 & CaH6 etc [6–20]. On the 
basis of discovered binary superhydride superconductors, it was found 

that most of the elemental metals are located on the boundary of s and 
d blocks in the elemental period table, that is within the IIA and IIIB 
groups. It is suggested that pressure induced s-d electron transfer due to 
the small energy difference between (n+1)-s and n-d orbitals should 
enhance the electron-phonon interaction and Tc [2,19]. Hence great 
efforts have made to search for new high Tc superhydride supercon
ductors formed by the metal in IVB group [21–25]. It is generally 
believed that d electrons are harmful to the conventional BCS super
conductors since local spin will weaken the Cooper pair. This seems to be 
obvious if one take into account the fact that the early polyhydrides such 
as SH3, rare earth hydrides and calcium hydrides are all d electron free. 
However, more recently, zirconium polyhydrides was experimentally 
reported to be superconducting with Tc ~70 K at high pressures that is so 
far the only 4d transition metal hydrides [18]. Hafnium element itself is 
a superconductor with Tc ~0.1 K at ambient [26] that can be increased 
to ~8 K at 60 GPa [27]. Although hafnium hydrides was reported to be 
superconductor [22], the Tc ~5 K was found to be comparable to high 
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pressure Hf element that shows superconductivity up to ~8 K at 60 GPa. 
Here, we report the synthesis of hafnium superhydride and the discovery 
of SC with Tc exceeding 83 K at 243 GPa. It is the first 5d transition metal 
superhydride with Tc exceeding the liquid nitrogen temperature. 

2. Methods 

For the synthesis of hafnium superhydride and in-situ high pressure 
resistivity measurements, diamond anvil cells (DAC) made of nonmag
netic Cu–Be alloys was used to generate ultrahigh pressure more than 2 
Mbar. The culet diameter of the diamond anvils used in DAC is 50 μm 
beveled to diameter of 300 μm. The pre-pressed T301 stainless steel with 
a hole of 300 μm in diameter was used as the gasket to hold the sample 
under high pressure. Aluminum oxide mixed with epoxy resin was filled 
into the hole, pre-pressed and drilled to form a high pressure chamber 
with 40 μm in diameter. Then, ammonia borane (AB) was filled into the 
chamber as the hydrogen source and the pressure transmitting medium 
as well. The Pt foils (0.5 μm in thickness) were deposited on the surface 
of the top anvil culet to form four inner electrodes, which can be well 
attached by outside electrodes of gold wire. High purity hafnium metal 
(99.9%) with the size of 20 μm × 20 μm and 1 μm in thickness was 
stacked on the inner electrodes before the DAC was clamped. To avoid 
moisture or oxidation, the sample loading was carried out in a glove box 
filled with Ar gas with 1 ppm less trace water and oxygen. The details are 
referred to the ATHENA procedure reported in Ref. [28]. 

After applying high pressure, the mixture of Hf and AB was heated at 
2000 K for several minutes by laser with a focused spot size 5 μm in 
diameter. A YAG laser in a continuous mode with 1064 nm wave length 
was adopted for the laser heating. The temperature was determined by 
fitting the black body irradiation spectra. The pressure was determined 
using the Raman peak of diamond. The sample quenched from high 
temperature without releasing pressure was put into a MagLab system 
for the electric conductivity measurements. A Van der Pauw method was 
employed with an applied electric current of 1 mA. The MagLab system 
can provide synergetic extreme environments with temperatures from 
300 K to 1.5 K and a magnetic field up to 9T [29,30]. 

In-situ high-pressure x-ray diffraction (XRD) patterns were collected 
at room temperature at 13-IDD of Advanced Photon Source at the 
Argonne National Laboratory with the wavelength λ = 0.3344 Å. The x- 
ray was focused down to a spot of ~3 μm in diameter. A symmetric 
diamond anvil cell was used for the XRD experiments. A prepressed 
rhenium gasket with a hole with diameter of 25 μm was used as the high 
pressure chamber. Samples were loaded into the pressure chamber 
without aluminum oxide insulating layer. After applying high pressure 
the sample was laser heating to synthesize hafnium superhydride. The 
sample pressure in the diffraction experiments 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 
[31]. 

3. Results and discussions 

Hafnium superhydrides sample was synthesized at the synergetic 
conditions of above 200 GPa and approximately 2000 K. Fig. 1(a) shows 
the image of the experimental assembly of DAC. The yellow circle rep
resents the culet of the diamond and the red square shows the shape of 
sample. The four green areas shows the four inner Pt electrodes which 
are contacted well with the sample. The temperature dependence of 
resistance R(T) for sample A measured at 243 GPa and sample B at 212 
GPa are shown in Fig. 1(b). For sample A, the curves measured in both 
cooling and warming processes are almost overlapped, indicating little 
temperature hysteresis for the measurement. The resistance drops 
rapidly at ~83 K and reaches zero at ~78 K, implying an occurrence of 
superconducting transition. The inset of Fig. 1(b) is the temperature 
derivative of resistance (dR/dT) for the warming process. The onset 
superconducting temperature Tc

onset is determined with the right upturn 

of dR/dT curve to be ~83 K. From the dR/dT curve, the Tc
zero where the 

resistance reaches zero can be determined as well by the left upturn to be 
~78 K. For sample B, the onset Tc at 212 GPa is changed little compared 
with sample A. The lower normal resistant relative to sample A arises 
from the difference of sample shape in the high pressure chamber. It 
seems that pressure has little effect on Tc in the range of 212 GPa–243 
GPa. For hafnium superhydrides, some first principle calculations have 
predicted the structure and SC under high pressure. The Tc was proposed 
to be 43 K at 100 GPa for Hf3H13 [2], 110 K at 200 GPa for HfH9 [24], 
234 K at 250 GPa for HfH10 [23], 76 K at 300 GPa for HfH14 [2] and 132 
K at 600 GPa for HfH6 [25]. In the pressure range of 200 GPa–300 GPa, 
the observed Tc here is much lower than that predicted for HfH9 and 
HfH10, but very close to that of C2/m-HfH14. Therefore, it is suggested 
the observed SC should arise from C2/m-HfH14, which will be further 
confirmed by the following XRD experiments. In addition to zirconium 
superhydride (Tc ~71 K) [18], hafnium superhydride is another tran
sition metal superhydride superconductor with Tc near the liquid ni
trogen temperature. For the IIA and IIIB group metals of Ca, Y and La, 
pressure induced s-d electrons transfer is suggested to play an important 
role for the high temperature SC of their metal superhydrides [2,19]. 
The s-d electrons transfer under high pressure would increase the 
structure instability and tend to enhance the electron-phonon coupling 

Fig. 1. (a) The image of the high pressure assembly of DAC. (b) Temperature 
dependence of resistance R(T) for sample A measured at 243 GPa and sample B 
at 212 GPa. The inset is the temperature derivative of resistance (dR/dT), where 
the Tc

onset and Tc
zero are determined to be ~83 K and 78 K, respectively. 
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and thus lead to high Tc. Therefore, the vicinity of the region of IIA and 
IIIB groups should be an important reason for the high Tc SC observed in 
hafnium superhydride. 

To further investigate the property of the SC in the synthesized 
hafnium superhydride sample, the in-situ high pressure resistance 
measured under high magnetic field has been performed, as shown in 
Fig. 2(a). When increasing magnetic field, the superconducting transi
tion is gradually suppressed and the transition width increases from ~5 
K at zero field to ~10 K at 5 T. The critical field Hc2 versus Tc is plotted in 
Fig. 2(b), which presents a straight line. Here, the Tc values were 
determined with the temperature at 95% and 50% of normal resistance 
for Tc

95% and Tc
50%, respectively and the criteria of zero resistance for 

Tc
zero. After the linear fitting of the Hc2(T) data, the slope of dHc/dT can 

be obtained to be = − 0.55 T/K, − 0.37 T/K and − 0.30 T/K for the 
criteria of Tc

95%, Tc
50% and Tc

zero, respectively. The upper critical magnetic 
field at zero temperature of Hc2(0) can be estimated by the Werthamer- 
Helfand-Hohenberg (WHH) formula of μ0Hc2(T) = − 0.69× dHc2/

dT|Tc × Tc, which was obtained to be 31 T for the criteria of Tc
95%, 20 T 

for Tc
50% and 16 T for Tc

zero. The slope of dHc/dT is almost half of that for 
ZrHn(-0.99 T/K with Tc

onset = 70 K) [18] and one fourth of that for CaHn 
with the slope of − 1.97 T/K and Tc ~210 K [19], which suggests that the 
magnetic vortex pinning force in hafnium superhydride is very weak. In 
addition, μ0Hc2(0) can also be estimated by the Ginzburg Landau (GL) 

formula of μ0Hc2(T) = μ0Hc2(0)(1 − (T/Tc)
2
). As shown in Fig. 2(b) the 

fitting of the μ0Hc2(T) by GL formula gives a value of μ0Hc2(0) ranging 
from 13 T to 24 T using the criteria of Tc

95%, Tc
50% and Tc

zero, respectively. 
The GL coherent length ξ can be estimated to be ~37 Å by the equation 
of μ0Hc2(0) = Φ0/2πξ2, where Φ0 = 2.067 × 10− 15 Web is the magnetic 
flux quantum and μ0Hc2(0) = 24 T is used. 

To investigate the superconducting phase, high pressure XRD ex
periments were carried out. Fig. 3 shows the XRD patterns collected 
under 206 GPa and its refinement, from which it can be seen that ma
jority of the diffraction peaks are contributed by C2/m-HfH14. The 
refinement generates the lattice parameters of a = 4.72 Å, b = 3.33 Å, c 
= 4.70 Å and β = 90.27◦. The corresponding unit cell volume at 206 GPa 
are ~22% larger than that of C2/m-HfH14 predicted at 300 GPa [2]. 
There are some unknown weak diffraction peaks in the XRD pattern, 
which are marked by the arrows at 2 theta at 7.73◦, 8.52◦ and 10.17◦, 
respectively. Since these unknown peaks cannot be assigned as the 
gasket Re metal, pressure marker Pt or boron nitride generated from the 
decomposition of AB, it is suggested they should arise from other 
hafnium hydrides with different hydrogen content. Therefore, 
combining with the superconductivity studies and the structure analysis, 
we proposed that the C2/m-HfH14 is responsible for the observed SC 
with Tc ~83 K at this pressure region. The inset of Fig. 3 shows the 
schematic view of C2/m-HfH14 crystal structure, wherein most of the 
hydrogen atoms are bonded with the bond length less than 0.9 Å. That is 
why the Tc of HfH14 is lower than that for CaH6 (H–H length ~1.24 Å) 
and LaH10 (H–H length ~1.1 Å) etc. although its hydrogen content is 
higher. 

In summary, a new hafnium superhydride superconductor was syn
thesized under high pressure and high temperature conditions. The 
superconducting transition was observed with Tc ~83 K at 243 GPa. 
Combining with the SC and structure studies, it is suggested that the 
superconducting phase should be C2/m-HfH14 phase. 
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Fig. 2. (a) Resistance measured under different magnetic field and under 
pressure of 243 GPa. (b) The upper critical magnetic field Hc2(T) versus tem
perature with the criteria of Tc

95%, Tc
50% and Tc

zero, respectively. The solid lines 
are the fitting via GL theory; The dashed straight lines are the linear fitting. The 
stars show the estimated Hc2(0) values by WHH method. 

Fig. 3. In-situ high pressure XRD and its refinement. The inset shows the 
schematic view of C2/m-HfH14 structure. 
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