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ABSTRACT: Highly compressed hydrides have been at the forefront of the search for high-T'
superconductivity. The recent discovery of record-high T.s in H;S and LaHy,, under high
pressure fuels the enthusiasm for finding good superconductors in similar hydride groups.
Guided by first-principles structure prediction, we successfully synthesized ZrH; and Zr,H;; at
modest pressures (30—S0 GPa) in diamond anvil cells by two different reaction routes: ZrH, +
H, at room temperature and Zr + H, at ~1500 K by laser heating. From the synchrotron X-ray
diffraction patterns, ZrH; is found to have a Pm3n structure corresponding to the familiar A15
structure, and Zr,H,s has an I43d structure isostructural to Th,H,s. Electrical resistance
measurement and the dependence of T, on the applied magnetic field of the sample showed
the emergence of two superconducting transitions at 6.4 and 4.0 K at 40 GPa, which

correspond to the two T_s for ZrH; and Zr,H;s.

heoretical studies suggest that highly compressed hydro-

gen-rich materials hold promise as high-temperature (T,)
superconductors.' The recent discovery of superconductivity
above 203 K and 250—260 K in compressed H,S*° and
LaH,,,”” marks a milestone in superconductivity research.
This discovery is groundbreaking, not only for representing the
highest T_’s ever observed in all materials since the discovery of
superconductivity but also for being the first time that
previously unknown high-T, superconductors were predicted
by theory* ' and afterward verified by experiment. Even
before H;S and LaH,,,, theoretical prediction has had notable
success in searching for superconducting polyhydrides. SiH,
and AIH; were first considered because of their high hydrogen
content among naturally existing hydrides.'' ~'* Experiments
revealed that compressed SiH, is superconducting with
maximum T, of 17.5 K at 96 GPa."” The experimental study
confirmed the predicted structure of AIH; but could not detect
the superconductivity down to 4 K.'* It was then understood
that the superconductivity in AlH; is suppressed by strong
anharmonicity.'” In recent years, the search for high-T.
hydrides has expanded substantially, from group IV to other
main group hydrides,m’17 and to transition metal hydrides.
Many new polyhydrides have been predicted theoreti-
cally,"*™*' and some have already made their real-world
appearance, including bulk RhH2,22 Con,23 FeH5,24 nano-
crystal RhH,™ etc.

Zirconium hydrides have been studied primarily for
applications in hydrogen storage and nuclear technology, but
not so much as potential superconductors. For example,
zirconium and its alloys are widely used as protective casings
for nuclear reactor cores.”® In this case, zirconium alloy
operates at high temperature and forms hydride upon
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combination with hydrogen produced by nuclear reactions.
However, we expect to find good superconducting materials in
Zr—H hydrides because of the rich structure diversity in this
group. The stunning success in LaHy,, also fuels the
enthusiasm for finding high T. in similar hydride groups.
Experimentally, stable ZrH and ZrH, and metastable 6-ZrH, 4
have been successfully synthesized at ambient pressure, while
ZrH, is the limit for hydrogen storage.””® New stoichiometric
ZrH, (n > 2) hydrides with higher hydrogen concentration
have been explored theoretically. First-principles studies up to
400 GPa suggest ZrH; is stable at ambient pressure and ZrH,
and ZrHg are stable above 100 GPa.””*° These hydrides are
calculated to be superconducting under high pressure,*® which
encourages the experimental realization.

Before conducting the experiment, we performed variable-
composition searches for stable Zr—H compounds at 1 atm
and 50 and 100 GPa using the CALYPSO’' and AIRSS
codes.”> We compared our findings with previous calcu-
lations™” and found a new stable compound Zr,H, (see Figure
S1). The formation enthalpies (AH) of predicted Zr—H
hydrides with zero-point energy (ZPE) were calculated with
respect to the two sets of starting materials, Zr + H, (Figure
la) and ZrH, + H, (Figure S2) at different pressures, from
which global stability tie lines (convex hull) are constructed.
Calculated AH shows that at ambient pressure ZrH (P4,/
mmc) and ZrH, (I4/mmm) are the only two stable
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Figure 1. (a) Calculated formation enthalpies of zirconium hydrides with respect to decomposition into Zr and H, under pressure, including zero-
point energies. Open symbols represent unstable configurations with respect to mixing lines on the convex hull, while solid symbols on the convex
hull represent stable configurations. (b) Crystal structure of Pm3n-ZrH;. (c) Conventional unit cell of 143d-Zr,H,;.
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Figure 2. (a) Le Bail refinement plot of powder XRD data (1 = 0.6199 A) obtained in ZrH, + H, reaction route at 30.4 GPa. Open circles,
experimental data; red curve, model fit for the structures; blue and orange ticks, Bragg diffraction positions for IZ3d—Zr4H15 and ngn—ZrH3; black
curve, residues. The reliability factors are R, = 9.05% and R, = 18.38%. (b) Evolution of the XRD pattern of panel a with increasing pressure. (c)
Refinement of the experimental XRD patterns obtained in Zr + H, reaction route at 47.0 GPa. Reliability parameters are as R, = 7.44% and R,, =
12.68%. (d) Evolution of the XRD pattern of panel ¢ with increasing pressure. (e) Experimentally obtained volume per formula unit for ZrH; and
Zr,H,s in comparison to theoretical calculations as a function of pressure. Volumes for ideal mixtures of ZrH, + H, 4ZrH, + 7H, Zr + 3H, and 4Zr

+ 1SH are also plotted.

stoichiometries, in agreement with experimental results.””*" At
50 GPa, Pm3n-ZrH, and I43d-Zr,H, enter the convex hull,
indicating that they are likely synthesizable at this pressure.
Meanwhile, the stable structure of ZrH changes to I4/mmm. At
100 GPa, the available stoichiometries stay the same, but ZrH;
becomes the most stable stoichiometry. In this pressure range,
all hydrides with the H/Zr ratio greater than 15:4 are
metastable. All obtained stable structures were examined by
phonon calculations, which show no imaginary modes and
therefore establish their dynamic stability (see Figure S3).
ZrH; has A15 structure with Pm3n symmetry (Figure 1b), in
agreement with previous theoretical predictions.”*’ Zr,H,s
has a cubic structure with [43d symmetry (Figure 1c), which is
isostructural to Th,H ;s> In this structure, Zr atoms occupy
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the 16c¢ sites, while H atoms occupy 48e (H1 in blue) and 124
(H2 in gray) sites. As shown in Figure lc, each Zr atom is
bonded to 12 H atoms, among which 3 are at 12a and 9 are at
48e. The H atoms at 48¢ and 12a are bonded to 3 and 4 Zr
atoms, respectively. To the best of our knowledge, this is the
first time such structures have been found in group IVB
hydrides.

With the predicted structures at hand, we performed the
synthesis via two reaction routes. The first was to react ZrH,
with H, at room temperature in the DAC. After the target
sample was loaded into DAC, the sealed pressure was
maintained at around 30.4 GPa. Figure 2a shows the XRD
pattern collected at 30.4 GPa, in which all Bragg peaks can be
indexed to either the Pm3n-ZrH; or I43d -Zr,H, structure.

https://dx.doi.org/10.1021/acs.jpclett.9b03632
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Table 1. Calculated Superconducting Transition Temperatures (T,, K), EPC Constant (1), Logarithmic Average Phonon
Frequency (@, K), Electronic DOS at the Fermi Level (N(g;), states/eV/f.u.), Average of Squared Phonon Frequency ({®*),
THz?), and Average Electron—Phonon Matrix Element ({I*), eV®/states)”

hydride (pressure) T. (K) (p* = 0.1-0.13) A
Zt,H,s (40 GPa) 02-08 0.33

ZtH, (10 GPa) 12.5-16.6 0.68

ZtH, (20 GPa) 9.8-13.8 0.61

ZtH, (40 GPa) 84—12.4 0.57 (51%)

H,S (200 GPa) 211.6-230.2

1.88 (>80%)

Diog N(ey) (@) (P
792 3.58
518 0.88
571 0.85
646 0.81 (10%) 650.6 0.74
1266 0.62 (43%) 962.2 1.81

“Percentages in parentheses represent the contribution of H atoms to the total 4 and N(gy).

The occurrence of a physical mixture of ZrH; and Zr,H,g at
this pressure is consistent to the energetic analysis (Figure 1a).
A Le Bail refinement of the diffraction pattern recorded at 30.4
GPa yielded the lattice parameters for the two cubic unit cells,
e.g, a = 3.676 A for ZrH, and a = 7.636 A for Zr,H,;. During
pressurization to 93.4 GPa (Figure 2 b), the diffraction peaks
shift toward higher angles because of the reduction of lattice
spacing but the overall pattern remains largely unchanged,
indicating no other phases present in this pressure range. The
second approach was to react Zr directly with H, in a laser-
heated DAC. Initially, Zr and H, samples were loaded into the
sample chamber of the DAC at lab conditions. The sample was
then compressed to 47.0 GPa and laser-heated to 1500 K, from
which the in situ synchrotron XRD pattern was measured. As
shown in Figure 2c, the refined results show that all the
observed peaks can be well indexed to Pm3n-ZrH; and 143d-
Zr,H,s structures. Thus, the reaction products are the same as
in the first reaction pathway, but the ratio of the two
components seems different, as seen from the relative changes
in the peak intensities. Upon further compression up to 78.3
GPa, no further transformation to any other phases was
observed (Figure 2d).

Experimentally obtained volumes per formula unit (fu.) for
ZrH; and Zr,H;;, in comparison to the calculated values as
functions of pressure, are plotted in Figure 2e. Clearly, the
experimental equation of state (EOS) for both ZrH; and
Zr,H,; is in very good agreement with theory. To ascertain the
identified high-pressure phases, we compare the EOSs of the
two compounds to the volumes of physical mixtures
representative of decomposition products at the same
pressure.””*> As seen in Figure 2e, all physical mixtures have
larger volumes than the ZrH; and Zr,H,;5 compounds in the
pressure range of interest, suggesting that the formation of
these two compounds is thermodynamically allowed. The P—V
data fitted with a third-order Birch—Murnaghan (BM)
equation of state®® give V, = 31.0 (5) A%, By = 97 (7) GPa,
and B, = 4 (fixed) for ZrH, and V, = 140 (3) A3, B, = 92 (9)
GPa, and By’ = 4 (fixed) for Zr,H,s. The synthesis of ZrH; and
Zr,H,s represents the debut of the first group IVB hydrides
with the hydrogen-to-metal ratio greater than 2.°7°777
Zirconium is in the same group in the periodic table as
rhodium but has a smaller mass than the latter. As a result,
ZrH; and Zr,H s have higher gravimetric hydrogen contents of
3.2 and 4.0 wt %, respectively, as compared to 1.9 wt % for
RhH,.”> Extrapolation from the fitted unit cell volumes for
ZrH; and Zr,Hs at ambient pressure gives two high
volumetric hydrogen densities of 166.6 and 180.8 g/L, greater
than that of RhH, (163.7 g/L). Therefore, ZrH; and ZrH,;
may have the potential for hydrogen storage applications if
they are recoverable to ambient conditions.
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Calculated band structures and projected density of states
(PDOS) of ZrH; and Zr,H, at 40 GPa (Figure S6) show that
both compounds are metallic with significant contributions of
the Zr-d states to the DOS at the Fermi level. To investigate
the phonon-mediated superconductivity, the EPC strength (1)
and logarithmic average frequency (a)log) are calculated. The
T. is then estimated using the Allen—Dynes modified
McMillan equation®” with a Coulomb pseudopotential z*

1.04(1 + A)
A — (1 + 0.62))

_ O‘)log
1.2

(1)

The calculated 4 for Zr,Hs is 0.33 at 40 GPa, and the @, is
792 K. Using a nominal value 0.13 for y*, the estimated T at
40 GPa is 0.2 K (see Table 1). Likewise, the calculated A for
ZrH, are 0.68, 0.61, and 0.57 at 10, 20, and 40 GPa, and the
W)y are 518, 571, and 646 K, respectively. Using p* = 0.13, the
estimated T, for ZrH; at 10, 20, and 40 GPa are 12.5, 9.8, and
8.4 K, respectively. ZrH; is therefore predicted to have a higher
T. than Zr,H;;. To elucidate the mechanism, phonon
dispersion curves and density of states (PHDOS), Eliashberg
spectral function a’F(w), and EPC integral A(@) are calculated
for ZrH; at 40 GPa (Figure. 3). For the calculated 4 of 0.57,

304
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Figure 3. Phonon band structure, density of states, Eliashberg spectral
function a’F(w) and the EPC integral A(w) of ZrH, at 40 GPa. Size
of the circle on the phonon band structure correspond to the
contribution to the EPC.

the high-frequency H vibrational modes contribute about 51%.
To identify the contributions of various phonon modes along
different vibrational directions, solid circles with the radius
proportional to the EPC strength are plotted on the phonon
dispersion curves. Interestingly, the projected EPC along
different directions are almost equal.

To investigate the predicted superconductivity in ZrH; and
Zr,H,;, we carried out high-pressure variable-temperature
electrical resistance measurements. To make the sample, we
used NH;BH; as the hydrogen source. The sample containing
ZrH, and NH;BH; was initially compressed to 30 GPa in the
DAC and then laser-heated to 1600 K. After the reaction, the

https://dx.doi.org/10.1021/acs.jpclett.9b03632
J. Phys. Chem. Lett. 2020, 11, 646—651
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Figure 4. (a) Electrical resistance R(T) curve of Zr—H sample at 40 GPa. Inset shows the photo of the sample after laser heating. (b)
Superconducting transition of the sample with different applied magnetic field at 40 GPa. (c and d) Dependence of T, and T, on the external
magnetic field H.. The solid lines in blue and red represent fittings by WHH and GL equations, respectively.

sample was compressed to 40 GPa, at which two super-
conducting transitions were detected with pronounced zero
resistance (Figure 4a). We proposed that these correspond to
two T_’s for the two phases, one at 6.4 K (T,;) and the other at
4.0 K (T,). We first ruled out the possibility that these two
superconducting transitions belong to BN, NH;BHj;, or ZrH,
(Figure S6). From the XRD pattern of the prepared sample
deposited with four electrodes, the sample contains both ZrH;
and Zr,H; (Figure S7). On the basis of our calculation (Table
1), we tentatively interpret that the higher T is likely to be that
of ZrH;, and the lower one is for Zr,H,s. The superconducting
resistance drop R(T) is also dependent on the applied
magnetic field, further proving these two superconducting
transitions. As demonstrated in Figure 4b, the two super-
conducting transition temperatures T,; and T, shift to lower
temperatures upon increasing the magnetic field (H.) to 0.5 T.
To determine the upper critical magnetic field H.(0), the
extrapolation methods combined with the Ginzburg—Landau
(GL) equation”’ and Werthdamer—Helfand—Hohenberg
(WHH) equation®” are shown in panels ¢ and d of Figure 4,
respectively.

It is generally accepted that anharmonicity can have
noticeable influence on phonon-mediated superconductiv-
ity,">* especially in structures with softened phonon modes.
For example, in Pm3n-AlH;, anharmonicity can suppress the
EPC and reduces the T, from 24 to 2 K, giving the explanation
for the discrepancy between experimental and theoretical
results."> Although ZrH, has the same structure as AlH, its flat
phonon spectrum implies that anharmonic effects on EPC are
small. For ZrHj, the experimentally determined T, of 6.4 K is
slight lower than the theoretical value of ~8.4 K. A possible
reason for this discrepancy is that the actual Coulomb
pseudopotential p* in ZrHj is greater than 1.3, approximately
equal to 1.5. As pointed out previously,"* the effects of
Coulomb repulsion can be very large in low-density metals and
it would be substantially underestimated if the nominal value is
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used in the McMillan equation, and this may be the case for
zirconium hydrides. Also of interest is the puzzle why ZrH; has
the same stoichiometry and similar structure as H;S but does
not have a T, as nearly close to the latter. The H;S under a
pressure of 153 GPa shows both a Meissner effect and zero
electrical resistivity with a high T, of 203 K. To probe the
relative superconductivity of ZrH; and H;S, we compare their
T.s and associated parameters in Table 1. We note that the 1
and ), in ZrHj; are significantly smaller than those for H;S,
which explains the fairly low T, in ZrH;. According to eq 1, the
T, is linearly proportional to @), Numerically, o, of H;S is
about twice that of ZrH;, but the T, of H;S is 19—25 times
greater than that of ZrHj, indicating that the EPC strength A
dominates the estimated T. (Table 1). As mentioned above,
the electron—phonon interaction of hydrogen contributes 51%
to the total A in ZrH;, much lower than that over 80% in H,S.
To ;fgrther explore the electron—phonon coupling, we note
that

A= 7NZ\(;<£2)<21;>, (0*) = %/aZP(w)a) dw

)

where (I*) is the average over the Fermi surface of the
electron—phonon matrix element and M is the atomic mass.
Given that M is a constant, we present the other three
parameters in Table 1. As is shown, although ZrHj has a larger
DOS at the Fermi level N(g;) than H,S, the H states contribute
much less, which is not favorable to EPC. In addition, a larger
mass for the metal element and smaller electron—phonon
matrix element also result in a weaker 4 of ZrHj,, giving a much
lower T, than that of H;S.

In summary, a mixture phase of ZrH; and Zr,H,5 was
obtained by direct reaction of Zr + H, at 47.0 GPa, and by
reacting ZrH, + H, at 30.4 GPa. Upon increasing the pressure,
the two phases persist to 934 GPa without any phase
transition or decomposition. ZrH; and Zr,H; are isostructural
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to ALS and Th,H,; structures, respectively. This is the first
time that stoichiometry like ZrH; and Zr,H,; is realized for
group IVB hydrides. Theoretical prediction, electrical resist-
ance, and external magnetic experiments reveal that both ZrH;
and Zr,H,s are conventional superconducting materials, with
the measured superconducting transition temperatures of 6.4
and 4.0 K at 40 GPa, respectively. Our results provide a
reference for the synthesis of new hydrogen-rich materials
under high pressures and the exploration of metal hydrides.
Polyhydrides of zirconium with higher hydrogen content may
exist at even higher pressures suggesting the need for further
experiments to explore these systems.
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