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Synthesis of superconducting hcp-ZrH; under high hydrogen pressure
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Zirconium trihydride and, for comparison, trideuteride with hexagonal close-packed (hcp) metal lattices
were synthesized at a hydrogen/deuterium pressure of 9 GPa and a temperature of 873 K using toroid-type
high-pressure chambers. After a rapid cooling (quenching) to 100 K and lowering the pressure to atmospheric,
the quenched sample was removed from the chamber and studied by hot extraction analysis, powder x-ray
diffraction, and ac magnetic susceptometry. The hot extraction showed that thermal decomposition of both
hep-ZrH; and hep-ZrD; in vacuum begins after heating at a rate of 10 K/min to ~200 K and almost ceases
at 270 K, leaving tetragonal e-ZrH,/e-ZrD, as a result. The x-ray diffraction study at 85 K gave lattice
parameters a = 3.443(2) A and ¢ = 5.964(4) A for hep-ZrH; and somewhat smaller values of a = 3.430(5) A
and ¢ = 5.947(5) A for hep-ZrDs. The measurements of magnetic susceptibility revealed superconductivity with
an onset at 11.6(1) K for hep-ZrH; and 9.5(2) K for hep-ZrDs.
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I. INTRODUCTION

High hydrogen pressure is an efficient tool for the synthe-
sis of metal hydrides because compression leads to a sharp
increase in the Gibbs free energy of molecular hydrogen due
to its large molar volume, and this shifts the metal/hydrogen
equilibrium toward the formation of hydrides. In recent years,
the high-pressure synthesis of new hydrides has been mainly
motivated by the desire to discover materials with anoma-
lously high superconducting temperatures 7; enhanced by the
interaction of electrons with optical vibrations of hydrogen
atoms. The most impressive results have been obtained over
the past 3 years in experiments using high-pressure cells
with diamond anvils (DACs). These were the discoveries of
hexagonal close packed (hcp) CeHg with 7, = 57 K and face
centered cubic (fcc) CeHjg with . = 115K [1], hcp-ThHg
with T, = 146 K, fcc-ThH,( with T, = 159—161K [2], body
centered cubic (bcc) CaHg with T, = 215K [3], bce-YHg
with T, = ~220K [4,5], hcp-YHy with T, = 243K [5], and
fce-LaH ¢ with T, = 250—260K [6,7]. An overview of bi-
nary hydrides recently synthesized in DACs can be found in
Ref. [8].

The above superhydrides can rather be considered as atom-
ically ordered solid metal solutions in hydrogen. For many of
them, the composition, crystal structure, and superconducting
transition temperature were first predicted by ab initio calcu-
lations. The T, values were calculated assuming the conven-
tional phonon-mediated Bardeen-Cooper-Schrieffer (BCS)
mechanism of superconductivity [9], and some predic-
tions proved to be surprisingly accurate. For example, the
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calculations [10,11] gave Tz =~ 280K for fcc-LaH;( at a hy-
drogen pressure of 200 GPa, which was in good agreement
with the experimental value of T, ~ 250K at 150 GPa [6,7].
In addition, every deuterium-substituted superhydride studied
to date (hcp-CeDg [1], bce-YDg [4,5], hep-YDg [5], and fec-
LaDy( [6]) has shown a normal isotope effect (lower T; of
the deuteride than the corresponding hydride with a lighter
hydrogen isotope), also in line with the BCS theory.

In contrast to the superhydrides, the four superconducting
hydrides that were previously known are not conventional
superconductors. Three of them (fcc-PdH with T, ~ 9K [12],
face-centered orthorhombic TiHy7; with T, = 4.3K [13,14],
and hep-MoH ; with 7, = 0.92K [15]) demonstrated an in-
verse isotope effect, and one hydride (cubic cI16-Th4H;5 with
T. ~ 8.2K [16]) showed no isotope effect, which is also in-
consistent with the BCS theory.

Strange as it may seem, after ~50 years of experimen-
tal and theoretical studies of superconductivity of palladium
hydrides and deuterides, the origin of the inverse isotope
effect is still unclear. The problem was discussed in detail
in the review paper in Ref. [17]. The widely held opinion
that the inverse isotope effect in the Pd-H/D system is due to
the interaction of electrons with strongly anharmonic optical
vibrations of hydrogen/deuterium atoms [18] turned out to be
untenable since the optical spectra of PdH and PdD studied
by inelastic neutron scattering (INS) and averaged over all
directions in the crystals showed an almost harmonic behavior
[19,20]. The optical spectra of MoH;; and MoD~;; were
also studied by INS and proved to be almost harmonic [21].
The currently available ab initio calculations [22] failed to
determine the correct sign of the isotope effect for the Mo-H/D
system (the calculations gave 7, = 3.675 and 3.522 K for
molybdenum monohydride and monodeuteride, respectively,

©2023 American Physical Society
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compared with experimental values of 7, = 0.92 and 1.11 K
from Ref. [15]).

Thus, each of the studied superconducting hydrides with a
modest hydrogen content, up to the hydrogen-to-metal atomic
ratio x = 3.75 in ThyH;s, exhibited the inverse isotope effect.
Attempts to find an explanation for this phenomenon have so
far been unsuccessful, and it was not even known whether the
inverse isotope effect is a general property of such hydrides.
One of the experimental ways to solve the last problem is
the synthesis and study of new superconducting hydrides with
x < 3.75.

Using a DAC, we recently synthesized a previously un-
known zirconium hydride of the provisional composition
Zr4H;s [23], which was later shown to be a superconductor
with 7. = 4.0K at 40 GPa [24]. The formation pressure of
this hydride at room temperature was 8.2 GPa [23], which
gave us a chance to synthesize it in a relatively large amount
using our toroid-type hard-alloy high-pressure chambers gen-
erating pressures up to 9 GPa. Combined with the available
technique of cooling the samples under pressure to liquid
N, temperature, this would allow us to maintain the hydride
sample in a metastable state at atmospheric pressure and low
temperature for further studies of its hydrogen content and
other properties that cannot yet be investigated in a DAC (in
particular, the Meissner effect, which proves the occurrence
of superconductivity, has only been demonstrated for bcc-H3 S
[25,26] and fcc-LaH; g [26]).

In the experiments [24] carried out at hydrogen pressures
from 30 to 93 GPa, the ZrsH;s phase was always observed
mixed with another new phase, which was identified as bcc-
ZrHj3 and proved to be a superconductor with 7, = 6.4 K at 40
GPa. However, neither Zr4H;s nor bcc-ZrH; were formed in
our experiments at a hydrogen pressure of 9 GPa. Instead, at
this pressure and temperatures of 500-700 °C, the formation
of a hydride hep-ZrH; was observed.

In this paper, we report on the high-pressure synthesis of
hcp-ZrH; and hep-ZrD3; and on the results of studying their
hydrogen (deuterium) content, crystal structure, and super-
conductivity in the metastable state at ambient pressure and
low temperatures.

II. EXPERIMENTAL

The starting material was a 0.12-mm-thick cold-rolled foil
made of iodide-processed Zr metal with a purity of 99.99%.
First, we synthesized ~500 mg of a body-centered tetrago-
nal (bct) phase ¢-ZrH, by exposing this foil to a hydrogen
atmosphere at 1 GPa and 300°C for 24 h in lentil-type
high-pressure chambers [27], using NH3;BH3 as an internal
hydrogen source. The method of hydrogenation is described
elsewhere [28]. The e-ZrH, phase was the highest zirconium
hydride known until recently. The e-ZrH, sample synthesized
in this paper was thermally stable under ambient conditions
and very brittle. Portions of this sample weighing ~25 mg
each were then powdered in an agate mortar and additionally
hydrogenated at 9 GPa and different temperatures from 250
to 700 °C in toroid-type high-pressure chambers [27] using
the same method [28]. The quantity of NH3BHj3 placed in the
reaction cell was large enough to ensure that the amount of
the released H, gas always exceeded the amount of hydrogen

absorbed by the sample by 2-3 times. The pressure in the
reaction cell was estimated with an accuracy of 0.5 GPa
using the pressure/ram load dependence determined in sep-
arate experiments. The temperature was measured with an
accuracy of +10°C using a Chromel-Alumel thermocouple.
The hydrogenation time varied from 24 h at 250°C to 25
min at 600-700 °C. After the hydrogenation was completed,
the sample was quickly cooled (quenched) together with the
chamber to ~—170 °C; the pressure was released; the cham-
ber was disassembled under liquid nitrogen; and the sample
was removed from the chamber and further stored in liquid
nitrogen to prevent hydrogen losses. Zirconium deuterides
were synthesized in the same way using AlDj as an internal
deuterium source. Since the Al particles formed after the
thermal decomposition of AlD; were chemically active, the
sample was isolated from the AlD; powder by a layer of
chemically inert hexagonal boron nitride [28] (to be on the
safe side, the samples were also separated from NH3;BH; by
a layer of h-BN in the experiments on high-pressure synthesis
of zirconium hydrides).

The hydrogenated and deuterated samples thus prepared
were examined by x-ray diffraction at 7 = —188°C = 85K
with a powder Siemens D500 diffractometer using Cu Ko
radiation selected by a diffracted beam monochromator. The
diffractometer was equipped with a home-designed nitrogen
cryostat that permitted loading the samples from a liquid
N, bath without intermediate warming. Prior to the x-ray
investigation, each sample was additionally ground in an
agate mortar under liquid nitrogen to reduce texture effects.
The obtained diffraction patterns were analyzed by the Ri-
etveld profile refinement method using the POWDERCELL2.4
software [29].

X-ray diffraction studies showed that the samples hydro-
genated (deuterated) at 9 GPa and temperatures from 500
to 700 °C partially transformed to the hcp-ZrHj3 (hcp-ZrD3)
phase but always contained some unreacted e-ZrH, (e-ZrD,)
phase, too. The thermal decomposition of these two-phase
samples was studied by hot extraction of the hydrogen (deu-
terium) into a pre-evacuated calibrated volume in the regime
of heating the sample from —186 to 50°C at a rate of
10°Cmin~!. The mass of the analyzed probe was 1-2 mg; the
accuracy in determining the AH/Zr or AD/Zr atomic ratio
was 5%. More details on the method used can be found in
Ref. [30].

An x-ray diffraction investigation of the two-phase (hcp-
ZrH; + e-ZrH;) samples heated to 50 °C showed that they
transformed into the ¢-ZrH, phase, while the hcp-ZrH; phase
completely disappeared. Within the experimental error, the
lattice parameters of the resulting e-ZrH, phase were the same
as previously in the quenched two-phase Zr-H samples and in
the initial e-ZrH, sample that suggests an invariable hydrogen
content H/Zr of the ¢ phase. We were unable to determine
the exact value of this H/Zr ratio by hot hydrogen extrac-
tion because of the very low pressure of gaseous hydrogen
in equilibrium with dilute solid hydrogen solutions in «-Zr
[31]. In a recent paper [23], weighing a massive sample of
zirconium before and after its hydrogenation at 120 bar and
450°C gave H/Zr = 2.03(2) for the obtained ¢ dihydride. The
stoichiometric composition ZrH, for single-phase samples of
¢ dihydride of zirconium obtained in this paper by any method
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was confirmed with an accuracy of 5% with the use of a
CHNS analyzer Vario Micro cube (Elementar GmbH, Hanau,
Germany) by burning 7-mg portions of the samples in a flow
of oxygen at 1200 °C. This analysis also showed the absence
of nitrogen, which confirmed that the sample did not react
with the h-BN layer surrounding it in the high-pressure cell.
At the same time, the analysis revealed traces of carbon. Most
likely, this carbon was formed from airborne hydrocarbons
adsorbed on the surface of ZrH; particles, when the samples
were weighed in air prior to the CHNS analysis.

Accordingly, the total hydrogen content x = H/Zr of the
quenched Zr-H samples was determined as x = 2 + AH/Zr,
where AH/Zr was the amount of hydrogen desorbed by hot
extraction at temperatures up to 50 °C. For similar reasons,
the total deuterium content of Zr-D samples was calculated as
x =24 AD/Zr.

To determine the temperature 7, of the transition to the
superconducting state, temperature dependences of the ac
magnetic susceptibility x = x'—ix” of the Zr-H and Zr-D
samples were measured using a homemade mutual inductance
ac susceptometer analogous to that described in Ref. [32].
A powdered sample with a mass of ~10 mg enclosed in
a cylindrical Teflon capsule 4 mm in diameter was placed
inside 1 of the 2 identical pickup coils positioned coaxially
inside a long vertical excitation coil that provided a uniform
ac drive magnetic field with an amplitude of H,. = 3.5 mOe
and frequency v = 1.5kHz at the sample position. Sample
transfer was performed without intermediate warming from
liquid nitrogen to the measuring system preliminarily cooled
to 77 K, which excluded thermal decomposition of the sample.
The ac voltages induced in the pickup coils were fed to the
differential input of a two-channel lock-in amplifier, which
separated the in-phase x’ and out-of-phase x” components
of the ac susceptibility. More details can be found elsewhere
[33]. The susceptibility was measured in regimes of heating
and cooling at a rate of 1 K/min. The high thermal con-
ductivity of gaseous helium filling the cryostat ensured small
temperature gradients in the powder sample, and the obtained
x'(T) and x”(T) dependences showed no temperature hys-
teresis. The small difference between the temperatures of the
sample and temperature sensor was considered by calibrating
the susceptometer with the use of the superconducting transi-
tion at 7. = 9.2 K in niobium powder placed in the measuring
Teflon capsule instead of the Zr-H sample.

II1. RESULTS AND DISCUSSION
A. X-ray diffraction

Figure 1(a) shows an x-ray powder diffraction pattern of
one of the e-ZrH, samples synthesized at a hydrogen pressure
of 1 GPa and temperature of 300 °C and used for the synthesis
of hep-ZrHj; at higher pressure and temperature.

The rather large residual R factors for e-ZrH, indicated
in Fig. 1(a) are mainly due to the anisotropic broadening of
diffraction peaks, probably caused by inhomogeneous elastic
stresses, which arose during the hydrogenation of zirconium
at a relatively low temperature of 300 °C. Diffraction patterns
of the unreacted e-ZrH, phase in the two-phase (hcp-ZrH; +
&-ZrH») samples synthesized from ¢-ZrH, at 9 GPa, as well as
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FIG. 1. X-ray powder diffraction patterns and Rietveld re-
finements of samples of (a) e-ZrH, and (b) hcp-ZrH; hydrides
synthesized at high hydrogen pressures and studied at ambient pres-
sure and 7' = 85K using Cu K« radiation. The black curves show
the experimental diffraction patterns. The red, orange, and green
curves are the calculated contributions from, respectively, e-ZrH,,
hep-ZrH;, and hexagonal ice Th condensed onto the surface of the
sample holder while loading it into the x-ray cryostat. The blue
curves are the Rietveld fit residuals.

patterns of the single-phase samples of ¢-ZrH, resulted from
heating those two-phase samples to 50 °C in the course of
thermal desorption analysis, looked similar and corresponded
to the lattice parameters of the ¢-ZrH, phase indicated in
Fig. 1(a) and Table 1. The lattice parameters of the &-ZrD;
phase in the studied Zr-D samples did not depend on the
sample prehistory either and were somewhat smaller than the
parameters of the ¢-ZrH, phase (see Table I). As discussed
in Sec. II, the compositions of & dihydrides and dideuterides
of zirconium formed under high pressures were close to the
stoichiometry of ZrH, and ZrD,, respectively.

X-ray diffraction studies showed no changes in the e-ZrH;
samples after their additional hydrogenation at 9 GPa and
250°C. A significant amount of the hcp-ZrHs phase always
formed at 9 GPa and temperatures from 500 to 700 °C, but
the obtained samples still contained some unreacted ¢-ZrH;
phase. The fraction of the hcp-ZrH; phase greatly varied from
experiment to experiment for samples hydrogenated under the
same temperature. For example, the samples synthesized at
9 GPa and 600 °C had the hcp-ZrH3 /e-ZrH, mass ratios from
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TABLE I. Composition, crystal structure, synthesis conditions, lattice parameters, and superconducting transition temperature of the Zr-H

and Zr-D phases studied in this paper.

Composition, crystal structure Synthesis conditions

Lattice parameters Superconducting temperature

(P=1atm, T = 85K) (P = latm)
e-ZrHy 0005 1 GPa a=35215)A, ¢ =4.440(5)A <2K
ThH,-type, 14/mmm 300°C c/a = 1.259(6)

24h V = a*c/2 = 27.62(8) A3 Jatom Zr
£-Z1Dy 00(5) 1 GPa a=23514(5)A, c=4.4215)A <2K
ThH,-type, 14/mmm 300°C c/a =1.259(6)
24h V = a*c/2 = 27.30(8) A3 /atom Zr
ZrH; 007 9 GPa a=3.443(2)A, ¢ =5.964(4) A 11.6(1) K, this paper
hep, P63 /mmc 600°C c/a=1.732(2) 11.7 K [34], calculation
25 min V = Ba2c =30.61(2) A*/atom Zr
ZrD~s 9 GPa a=34305)A, ¢ =5.947(5)A 9.5(2) K, this paper
hep, P63 /mmc 600°C c/a = 1.734(6) 9.21 K [34], calculation
25 min V = La’c = 30.30(9) A’ /atom Zr

48/52 to 94/6. An x-ray diffraction pattern of the sample with
a maximum content of 94(3) wt. % of the hcp-ZrH; phase
is shown in Fig. 1(b). The maximum yield of the hcp-ZrD3
phase at a D, pressure of 9 GPa was also reached at 600 °C,
but it was only 37(5) wt. %. The refined parameters of the hcp
metal lattice of the ZrH; and ZrD3 phases in these samples are
presented in Table I.

The fields of thermodynamic stability of hcp-ZrHs and two
other high-pressure zirconium hydrides, Zr4H;s [23,24] and
bce-ZrHj [24], on the T-P phase diagram of the Zr-H system
cannot yet be located even approximately. Previous room-
temperature experiments showed [23] that Zr,H;s is formed
from e-ZrH, at a hydrogen pressure of 8.2 GPa, does not
change its composition at pressures up to 39 GPa, and trans-
forms back into e-ZrH, when the pressure is subsequently
lowered <3.5 GPa. The reversibility of the reaction suggests
the occurrence of phase equilibrium 4ZrH; + %Hz = 7Zr4Hys
at a certain pressure between 3.5 and 8.2 GPa and the thermo-
dynamic stability of ZrsH;s at pressures above this point.

One more zirconium hydride, bcc-ZrHs, has been discov-
ered and studied at hydrogen pressures from 30 to 93 GPa
[24]. In these experiments, bce-ZrHj coexisted with ZryHs,
and this two-phase mixture, once formed, did not change
its ZrH3/Zr4H;s ratio with increasing pressure. It cannot be
excluded that bcc-ZrH; is a metastable intermediate phase
without a field of thermodynamic stability on the equilibrium
T-P diagram.

As shown in this paper, at temperatures from 500 to 700 °C
and a pressure of 9 GPa, ¢-ZrH, transforms into hcp-ZrHs;,
and the hydrogenated samples never contain ZrsH;s or bcc-
ZrH;. Therefore, hcp-ZrH; is likely to be the most stable
hydride at high temperatures and moderate pressures that sug-
gests the occurrence of a triple point ¢-ZrH,+ hcp-ZrH;z +
Zr4H;s on the equilibrium 7-P diagram. The pressure of the
triple point should be <9 GPa and the temperature < 500 °C.

Interestingly, the chemical composition and crystal struc-
ture of all three high-pressure hydrides of zirconium obtained
experimentally (hcp-ZrH3, bee-ZrHs, and ZryHs) were cor-
rectly predicted by ab initio calculations at T = 0K, whereas
the estimates regarding the relative stability of these hydrides
were controversial. Some ab initio calculations predicted that

hcp-ZrH; should be stable at hydrogen pressures >0 GPa
[34] or 3 GPa [35]. According to these predictions, hydrogen
atoms in the P63 /mmc crystal structure of hcp-ZrHz with Zr
atoms at 2d sites should be ordered at 4f tetrahedral intersti-
tial sites and 2b planar triangular sites separating octahedral
interstices. Some other calculations showed that bcc-ZrH;
should be stable >0 GPa [36,37], yet one more calculation
partially confirmed by experiment [24] suggested that hcp-
ZrH; is metastable with respect to bee-ZrHs, which in its turn
is metastable with respect to Zr4H;s, and the latter should be
reversibly formed from e-ZrH, at 4 GPa. The pressure of the
47rH, + %Hz = ZrsH;s equilibrium predicted by Xie et al.
[24] is consistent with experiment [23], while the higher ther-
modynamic stability of bce-ZrHs; compared with hep-ZrHj
contradicts experimental results of present paper.

B. Hydrogen desorption

Figure 2 shows the release of gaseous hydrogen (deu-
terium) into a pre-evacuated volume upon heating the
two-phase Zr-H (Zr-D) samples with the maximum content
of the hcp-ZrH; (hep-ZrD3) phases reached in this paper.
With a heating rate of 10 °C/min, the gas evolution from both
the Zr-H and Zr-D samples begins at ~—80 °C and almost
stops at +20 °C. Heating to a maximum temperature of 50 °C
led to the complete decomposition of the hcp-ZrHj; (hep-
ZrDs3) phases and the formation of single-phase homogeneous
e-ZrH; (e-ZrD,) samples.

Assuming that the hydrogen content of & dihydride in
the as-quenched Zr-H sample is the same as in the sample
after the hot extraction analysis and equals to H/Zr = 2
(see the discussion in Sec. II), the hydrogen content of
the hcp trihydride can be estimated as x = 2 + y/z, where
y = AH/Zr is the total amount of hydrogen released from
the quenched sample in the process of hot extraction at
temperatures up to 50°C, and z is the mass fraction of the
hcp phase in this sample determined by x-ray diffraction.
As seen from Fig. 2, y = 0.87 for the Zr-H sample with
7 =0.94, which gives x =24 0.87(4)/0.94(3) = 2.93(5)
for the hcp trihydride ZrH,. Averaging the results for six
different Zr-H samples prepared at 9 GPa and 600 °C gives
(x) =2+ (0.87/0.944-0.87/0.9140.79/0.80 + 0.73/0.73 +
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FIG. 2. Temperature dependences of the amount of hydrogen
(deuterium) released from quenched two-phase hep-ZrH; + e-ZrH,
(hep-ZrD3 + ¢-ZrD,) samples heated at 10°C/min in a closed-
volume, pre-evacuated measuring system.

0.65/0.61 4+ 0.50/0.48)/6 = 2 4 (0.93 + 0.96 + 0.994-1.00
+1.07 +1.04)/6 = 3.00(7), and this value is indicated in
Table I (the uncertainty in the (x) value thus determined is
mainly due to possible systematic instrumental errors).

In a similar way, an estimate of x =2+40.41(2)/
0.37(5) = 3.11(16) can be obtained for the hcp trideuteride
ZrD, using the experimental data from Fig. 2. Our studies of
other Zr-D samples synthesized at 9 GPa did not improve the
accuracy of this estimate because of the much lower yield of
the hep trideuteride. By analogy with hcp-ZrHs, the trideu-
teride is likely to be a stoichiometric compound ZrDs, and
this is what we indicated in Table I.

As established in Ref. [23], the value of the atomic vol-
ume V of the high-pressure hydride Zr4H;s extrapolated to
P = 1 atm and plotted as a function of the hydrogen content
x = H/Zr agrees with the approximately linear dependence
V(x) for low-pressure zirconium hydrides (Vegard’s law for
hydrides). As seen from Fig. 3, the experimental V (x) points
for hep-ZrH; from this paper and for bee-ZrHj; from Ref. [24]
also agree with this dependence, whereas the point for ZrsHs
obtained in Ref. [24] lies far apart. We believe that the V (x)
value for ZryH;s at P = 1atm determined in Ref. [23] is
more reliable because it was obtained by extrapolating the
V(P) dependence measured at pressures down to 3.5 GPa,
while the XRD patterns in Ref. [24] were only collected
above 30 GPa. In Fig. 3, the straight blue line with the slope
dV/dx = 2.5(1) A3 Jatom H is a linear fit to all experimental
points shown in the figure, with the exception of ZrsH;s
from Ref. [24]. Linear V(x) dependences with a slope of
2-3 A3 /atom H are typical of hydrides of transition and rare
earth metals [38].

C. Magnetic susceptibility

The ab initio calculations [34], which predicted the forma-
tion of hep-ZrHs, also predicted that this hydride should be a
superconductor with 7; = 11.7 K and that the deuteride hcp-
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FIG. 3. Atomic volumes V of zirconium hydrides at atmospheric
pressure as a function of their hydrogen content x = H/Zr. The point
for hcp-ZrH; was obtained at T = 85 K; the other points refer to
room temperature. The points for ZrsH;s [23], Zr4H;s, and bee-ZrH;
[24], and the w phase of Zr metal [39] were determined by extrap-
olating the experimental dependences V (P) from high pressures to
P = 1atm. The segment of the dashed brown curve shows a smooth
V (x) dependence for the fcc solid solutions §-ZrH, at 1.5 < x < 1.7
and bct solutions e-ZrH, at 1.7 < x < 1.9 [40]. The crystal structure
of the y-ZrDy g3(3) phase is orthorhombic, space group Cccm [41].

ZrD3 should have a lower T, = 9.21 K, thus demonstrating
the normal isotope effect in accordance with the BCS theory.
Results of our measurements of ac magnetic susceptibility
presented in Fig. 4 showed that these predictions were remark-
ably accurate.

After each measurement, the susceptometer was calibrated
by the ac susceptibility response to the superconducting tran-
sition in a reference sample of niobium powder of the same
volume as the studied sample and of a similar shape. This
made it possible to use the obtained dependences x'(T) and
x"(T) for a semiquantitative assessment of the effect of
shielding the ac magnetic field for the samples under study.
As can be seen from the upper panel of Fig. 4(a), the 47 x'(T')
dependence for the sample with 94% of the hcp-ZrHj3 phase
forms a step characteristic of a superconducting transition at
T. =~ 11.6 K and approaches the horizontal line 47 x' = —1.3
at lower temperatures. The latter value is not very accurate
because it exceeds 47 ' = —1 of the ideal diamagnetic. Any-
way, such a result signifies a near-perfect shielding of the
magnetic field, which can only be observed for a supercon-
ductor.

The 47 x”(T) dependence for the sample with 94% ZrH;
tends to zero at T < 11.6 K [see the bottom panel of Fig. 4(a)]
that indicates a negligibly weak energy dissipation, and this
is also a property of the superconducting state. Additionally,
the dependence shows an extra-loss peak at 11.6 K, and the
occurrence of a similar peak in the temperature range of
superconducting transition is characteristic of many materi-
als [42—44]. Thus, the experiment leaves no doubt that the
transition observed in hcp-ZrH; is a transition to the super-
conducting state.
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FIG. 4. Temperature dependences of the ac magnetic susceptibility x = x'—ix” in the vicinity of superconducting transition in (a)
powdered Zr-H and Zr-D samples containing the hcp-ZrH; and hep-ZrD; phases, respectively, and (b) two Zr-H samples with different
contents of the hcp-ZrH; phase. The real part x’ of the susceptibility is shown in the upper panels, the imaginary part x” in the bottom panels.
The measurements were carried out in a drive magnetic field with an amplitude of 3.5 mOe and a frequency of 1.5 kHz.

The 47 x'(T) and 47 x"(T) dependences for the Zr-D sam-
ple containing 37% of the hcp-ZrDs phase are also indicative
of a superconducting transition, although the temperature in-
terval of the transition is greatly broadened, and the real and
imaginary parts of the magnetic susceptibility do not reach
the values for the ideal diamagnetic even at a temperature
as low as 4.4 K [see Fig. 4(a)]. The broadening is probably
caused by the proximity effect of lowering the superconduct-
ing gap near the surface of the fine precipitates of hcp-ZrDs,
which grew through the matrix of nonsuperconducting e-ZrD,
during its deuteration under high pressure. Nevertheless, the
temperature of the onset of the superconducting transition can
be reliably determined from the position of the extra-loss peak
in the 47 x” (T ) dependence.

In fact, despite the broadened temperature interval of the
superconducting transition in the Zr-H sample with 48%
ZrHs;, the extra-loss peak in its 47t x”(T) dependence is ob-
served at the same temperature of 11.6 K as in the Zr-H sample
with 94% ZrH; and a narrow transition interval [see Fig. 4(b)].
Since the reasons lying behind the broadening of the transition
in the Zr-H and Zr-D samples are likely to be the same, the
peak in the 47 x”(T) dependence for the Zr-D sample with
37% ZrD3 should apparently be observed at almost the same
temperature as in a single-phase e-ZrD3; sample.

The values of T, = 11.6(1)K for the ¢-ZrH; phase and
T. = 9.5(2) K for the ¢-ZrD3 phase determined from the posi-
tions of the extra-loss peaks in the corresponding 47 x”(T)
dependences are presented in Table I together with the T
values predicted by the ab initio calculations [34], which
assumed a conventional phonon-mediated coupling mecha-
nism of superconductivity. As one can see, the experimental
and calculated values almost coincide with each other and
demonstrate the normal isotope effect—a lower T value for
the compound with a heavier hydrogen isotope.

Interestingly, in the Zr-H and Zr-D samples with the low
content of ZrH3 and ZrDs, respectively, the shielding of the in-
ner parts of the powder particles from the external ac magnetic
field by surface supercurrents was incomplete and correlated
with the mean content of the superconducting phase. Namely,
at the minimum experimental temperature, the real part of
the ac magnetic susceptibility reached 47 x'(4.4 K) = —0.59
for the Zr-H sample with 48% ZrH; [see Fig. 4(b)] and
47 x'(5.8 K) = —0.41 for the Zr-D sample with 37% ZrD;
[Fig. 4(a)]. Most likely, complete shielding (47 x' = —1) was
not observed because the additional powdering of the samples
before their investigation largely destroyed the superconduct-
ing shells of trihydride (trideuteride) formed at 9 GPa around
the still unreacted dihydride (dideuteride) particles.

Note finally that the hcp-ZrH; phase can formally be con-
sidered as a solid hydrogen solution in «-Zr with an hcp
crystal structure and 7, =~ 0.6 K [45]. The absorption of hy-
drogen up to the composition ZrHj3 then increases the T of
a-Zr to 11.6 K. Thus far, it is the highest 7. observed in any
binary hydride at ambient pressure, apart from the uncon-
firmed claim of 7, = 52-61K in PdH, [46]. The hydrogen
absorption also leads to a 31% increase in the atomic volume
of a-Zr (see Fig. 3), and the volume expansion is anisotropic,
as it is accompanied by an increase in the axis ratio of the
hexagonal unit cell from c/a = 1.592(1) for «-Zr [39] to
c/a = 1.732(2) for hcp-ZrH; (Table I).

IV. CONCLUSIONS

Relatively massive samples of a hcp zirconium trihydride
synthesized at a hydrogen pressure of 9 GPa and temper-
atures of 500-700°C were studied in a metastable state at
atmospheric pressure. The superconducting transition in the
trihydride was confirmed by the observation of the effect of
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shielding the external ac magnetic field, and the trihydride
was shown to have the stoichiometric composition ZrHjs.
The experimental determination of the hydrogen content of
new hydrides is a necessary step in their investigation be-
cause hydrides of many transition and rare-earth metals are
nonstoichiometric phases with the equilibrium hydrogen con-
centration that varies greatly depending on the pressure and
temperature [38]. For example, hcp dihydride of tantalum,
which has been recently found to form at hydrogen pressures
of 5.5-41 GPa and room temperature in a DAC [47], had
H/Ta = 2.2(1) at 9 GPa and 150 °C [48]. Note in this regard
that the hydrogen content of none of the many other hydrides
synthesized in the DACs in recent years has ever been studied
experimentally, and their compositions have been estimated
by comparing the experimental crystal structure of the metal
lattice and its atomic volume with the results of ab initio
calculations performed only for stoichiometric atomic ratios
of hydrogen and metal.

The stoichiometric composition ZrH; of the hcp zirconium
trihydride determined in this paper provided the opportunity
to directly compare its experimental and calculated proper-
ties, and the superconducting temperature was shown to be
perfectly predicted by the calculations [34] including the sign

and magnitude of the isotope effect (see Table I). As the
superconductivity calculations [34] were based on the BCS
theory, the close agreement between the experimental and cal-
culated T values for both hcp-ZrHj3 and hep-ZrD3 compounds
strongly argues in favor of the conventional phonon-mediated
coupling mechanism of superconductivity in these phases.
Thus, the unusual and yet unexplained inverse isotope ef-
fect in all four superconducting hydrides known previously
(fce-PdH, fco-TiHg 71, hcp-MoH, and cI16-ThyH;s) is not an
inherent property of metal hydrides with moderate values of
H/Me < 3.75. Finding the origin of this effect remains a
challenge for theorists and experimenters.
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