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ABSTRACT

We present an ab initio study of the ternary hydride PdCuHx , a parent compound of the superconducting PdH, at different hydrogen
content (x ¼ 1, 2). We investigate its structural, electronic, dynamical, and superconducting properties, demonstrating that, at low hydrogen
content, the system is not a superconductor above 1 K; however, the highly hydrogenated structure is a strongly coupled superconductor.
We give a solid rationale for the unusual increase of the superconducting critical temperature in hydrogenated palladium when alloyed with
noble metals (Cu, Ag, and Au), as observed in Stritzker’s experiments in 1972 [B. Stritzker, Z. Phys. 268, 261–264 (1974)] but never investi-
gated with modern experimental and theoretical techniques. We highlight the important role played by H-derived phonon modes at inter-
mediate frequencies, dynamically stabilized by anharmonic effects, as they strongly couple with states at the Fermi level. We hope that the
present results will stimulate additional experimental investigations of structural, electronic, and superconducting properties of hydrogenated
palladium–noble metal alloys. Indeed, if confirmed, these compounds could be considered a novel class of superconducting hydrides,
showing different coupling mechanisms, which can be exploited to engineer new ambient-pressure superconductors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076728

I. INTRODUCTION

The discovery of high-temperature superconducting hydrides
definitely changed the scenario of the research on superconducting
materials, allowing for the first time to observe superconductivity at
room-temperature. This achievement is the last piece of a puzzle
begun in 1968 when Ashcroft proposed metallic hydrogen as a
high-temperature superconductor.1

His prediction of the superconducting critical temperature
(TC) around 100 K was based on a conventional (electron–phonon
driven) mechanism arising from the strong electron–phonon cou-
pling and high-frequency modes provided by hydrogen in its
metallic phase.

Unfortunately, the metallization of hydrogen is extremely dif-
ficult and challenging, and only recently, the required pressures
(P . 400GPa) have been achieved, bringing new experimental evi-
dences on the metallization of solid hydrogen.2,3 However, to over-
come the experimental challenges of the early attempts,4–6 in 2004,

Ashcroft suggested to move the attention to hydrogen-rich com-
pounds: he speculated that a metallic phase could be favored7

exploiting the mechanism of chemical precompression induced by
the hosting matrix. This idea marked the beginning of an extensive
theoretical and experimental search,8 which still remains an impor-
tant topic in the field of condensed matter physics. A major role
was undoubtedly played by ab initio computational approaches to
the superconducting phase, which successfully guided the experi-
mental research toward the discovery of high-temperature super-
conductivity in sulfur hydride9 (TC of 200 K at P � 200GPa) and
in lanthanum and yttrium hydrides under pressure10–14

(TC � 250K at P ¼ 150�190GPa). Unfortunately, most of the
known high-pressure superconducting hydrides cannot be stabi-
lized at ambient pressure but rather transform into other phases
(mostly insulating ones). Therefore, they always need to be com-
pressed up to millions of atmosphere (hundreds of GPa) to induce
a metallic transition, hindering any technological application. In
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addition, experimental investigations are very delicate and expen-
sive; therefore, at the moment, they are performed only by a few
highly specialized groups in the world.

In view of these difficulties, nowadays, theoretical and experi-
mental efforts are instead focusing on lowering the superconduct-
ing transition pressure, rather than on further increasing the
critical temperature.15 To this end, in a recent special issue,15 the
community indicated important experimental and theoretical chal-
lenges that need to be addressed. One of the first suggestions pro-
posed to overcome these challenges is to shift the attention from
binary systems—such as sulfur (SH3) and lanthanum (LaH10)
hydrides—to ternary ones. Indeed, the interest for these ternary
compounds grew exponentially as Dias and co-workers achieved
room-temperature superconductivity (with TC ¼ 287K) in C–S–H
at P � 270GPa.16 Although many questions on this result remain
unanswered, as the exact determination of the crystal structure of
the superconducting phase,17 this discovery is extremely important
demonstrating that ternary superconducting hydrides can also be
stabilized,15 broadening the spectrum of possibilities to search for
new promising superconductors, which may also be stable at lower
pressure.18–24

Interestingly, the first superconducting hydrides were discov-
ered at ambient pressure: Th4H15

25 and, in particular, palladium
hydride (PdH).8,26 PdH is a binary compound with
TC ¼ 8�9K,26,27 which was deeply studied both in the past and
recently8,28 with reports of critical temperature as high as 60 K.29

Due to the high hydrogen affinity of pure palladium, the PdH
system has always attracted much theoretical and experimental
interest with the aim of increasing even further its H-storage
capacity.30,31

Remarkably, in 1974, Stritzker reported the growth of ternary
hydrides Pd–M–H, where M stands for noble metals, such as
copper, silver, or gold,32 with unexpected superconducting behav-
iors. In Stritzker’s experiment, the Pd–noble metal alloys were
made by arc-melting in ultrapure Argon, then pre-charged with
H2-gas, and subsequently implanted with H-atoms at
He-temperatures. After implantation of 6� 1017 H-atoms/cm2,
superconductivity was observed with the highest critical tempera-
ture of 17 K, reported for (Pd0:55Cu0:45)H�0:7

32 hydride, i.e., for an
H:Metal-ratio �0.7. The increase of the critical temperature with
respect to pure PdH was also reported for Pd–(Ag,Au)–H systems,
with maximum TC of 15.6 and 13.6 K, respectively. Although
potentially very important, Stritzker’s evidences32 on ternary
hydrides were not sufficiently pursued in the past, resulting practi-
cally unexplored from both the experimental and theoretical point
of view.

With the renewed interest in superconducting hydrides, espe-
cially in ternary systems at low pressure, Stritzker’s work probably
deserves more attention. Indeed, the enormous difference in pres-
sure between these systems and the high-TC hydrides suggests a
different role played by hydrogen, which is now unlikely to form a
metallic sub-lattice. This exciting possibility broadens the scenario
previously imagined by Ashcroft, opening new frontiers in engi-
neering novel superconductors with promising properties.

To shed light on this class of ambient-pressure superconduct-
ing ternary hydrides, in this work, we explore the structural, elec-
tronic, dynamical, and superconducting properties of the

palladium-(copper) hydride by means of first-principles density
functional theory (DFT) to predict a possible superconducting
phase and understand its microscopic origin. We started our work
studying the palladium–copper alloy and then predict the most
stable sites for the interstitial hydrogen. We obtain electronic and
vibrational properties of the structure of interest to finally predict
their superconducting properties.

II. COMPUTATIONAL METHODS

We investigated structural, electronic, and vibrational proper-
ties by means of DFT calculations through the Quantum
ESPRESSO33,34 package. The local density approximation (LDA)35

has been used for the exchange-correlation potential. Ultrasoft
pseudopotentials36 were used for Pd and Cu, with the valence con-
figurations 4d95s15p0 and 3s23p63d84s24p0, respectively, while a
norm conserving pseudopotential was used for hydrogen.37

Self-consistent calculations were carried out with an energy cut-off
on the plane wave expansion of 80 Ry (800 Ry on the electron
density). For structural optimization and stress tensor minimiza-
tion, the energy cut-off was enhanced to 120 Ry (and the cut-off on
the electron density to 1200 Ry) to ensure energy and pressure con-
vergence. The sampling of the Brillouin zone (BZ) was performed
with a uniform 18� 18� 18 k-grid mesh for the PdCu cubic cell
(see Sec. III) and then consistently scaled for other structures to
ensure the same sampling density of the BZ for all electronic
calculations.

Phonon calculations were performed using density functional
perturbation theory (DFPT)38 within the harmonic approximation,
as implemented in Quantum ESPRESSO,33,34 and sampling the
reciprocal space with a 6�6�6 grid.39 The superconducting critical
temperature was estimated using the Allen and Dynes equation for
TC ,

40

TC ¼ ωlog

1:2
exp � 1:04(1þ λ)

λ� μ*(1þ 0:62λ)

� �
, (1)

which requires the e–ph coupling constant λ and the logarithmic
average of the phonon frequency ωlog, both obtained from the elec-
tron–phonon coupling function α2F(ω).8 The μ* parameter,
accounting for the Coulomb repulsion between electrons, was fixed
to 0.1, as it has been shown to be a good approximation for a large
class of materials. To converge the function α2F(ω), and hence the
parameters λ and ωlog, on the tetragonal unit cells (see Sec. III), a
grid of 29� 29� 23 k-points was chosen to sample the BZ for
electronic states. We investigated both the low-stoichiometry struc-
ture of the palladium–copper alloy (PdCuH), with H=M ¼ 0:5, and
the high-stoichiometry one (PdCuH2) with H=M ¼ 1, as prototype
systems (M refers to the metal content, Pd and Cu).

Graphical representations of the atomic lattices are obtained
with the XCrySDen41 software.

III. RESULTS

We first consider the PdCu alloy at equal concentrations of Pd
and Cu, stoichiometry very close to Stritzker’s samples.32 At this
stoichiometry, the system is know to crystallize both in a disordered
fcc-structure and in an ordered CsCl phase,42–45 usually referred as
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the B2-phase (see Fig. 1). Indications on the crystal structure of the
superconducting phase, after hydrogen intercalation, can be
obtained from dedicated works on the subject.

Hydrogen intercalation was studied by Antonov et al.,46 who
intercalated hydrogen in an ordered fcc PdCu and PdAg matrix,
finding no superconducting transition above 2 K. Another experi-
mental work by Ruilan et al.47 suggests that the origin of the super-
conducting transition lays in the ordering of the crystal; therefore,
the fcc phase, which spontaneously grows disordered, was discarded
as responsible for the superconducting phase. In parallel, Irodova
et al.48 demonstrated that PdAg membranes (which are expected to
possess very similar chemical properties with respect to PdCu) tend
to self-organize in a B2 sub-lattice after hydrogenation. Finally, a
structural phase transition below 770 K from the disordered fcc
phase to the ordered B2 one was suggested from first-principles cal-
culations.49 For all these reasons, we will focus on the B2 phase of
the PdCu alloy to search for possible superconducting phases.
Total energy calculations predict a cubic unit cell with a lattice
constant a ¼ 2:94 Å (in good agreement with experiments50,51).
The electronic band structure of this phase, reported in Fig. 2, is
characterized by the presence of both Pd and Cu derived d-orbitals,
in the region from the Fermi level (zero of the energy scale) to
�4 eV. Free-electron-like dispersions are evident from about �8 eV
and around the Fermi energy. Indeed, the resulting Fermi surface
(see the inset in Fig. 2) has essentially a free-electron-like shape,
with the exception of small pockets around the M points in the BZ,
having Cu character. The comparison with the band structure of
pure palladium8 reveals that Cu atoms act as electron dopants,
expanding the Fermi surface.

The density of states (DOS) is characterized by three evident
peaks around 0.5, 1, and 1.5 eV below the Fermi energy. These
peaks originate from dispersion-less flatbands like the one along
the R�M and Γ�M directions. The Fermi level falls just above a
sharp peak in the DOS, suggesting possible electronic instabilities.

We can now move to the study of PdCu-hydrides, first focus-
ing on the lowest H-content system (H/M ratio of 0.5).

To predict the most stable intercalation site, we performed
total energy calculations on a series of randomly placed hydrogen
atoms in the PdCu unit cell, followed by relaxation of all the inter-
nal degrees of freedom of the system. In Fig. 1, we show the most
symmetric absorption sites found after the random search, intro-
ducing the common nomenclature: O1 and O2 stand for octahedral
sites, while T for tetrahedral.

The ground-state structure turns out to have H occupying the
O1-site (see Fig. 1), resulting in Pd–H layers separated by copper
atoms. Due to the loss of cubic symmetry, we find the unit cell
expanding in the direction perpendicular to the Pd–H layers, while
contracting in the other directions. The final unit cell is, therefore,
tetragonal with lattice constants a ¼ 2:77 and c ¼ 3:67 Å. The
occupation of other metastable sites, namely, O2 and T, also leads
to tetragonal distortions with total energies higher than the ground
state by 160 and 180 meV, respectively. Interestingly, our predicted
ground state has a negative formation energy of �� 0:3 eV/cell,
and its structure is in excellent agreement with neutron diffraction
experimental results of Kolshinkov et al.52 They reported a tetrago-
nal unit cell for the PdCuH≃0:9 system with measured lattice
parameters a ¼ 2:794+ 0:005 Å and c ¼ 3:678+ 0:008 Å, which
match perfectly our calculations.

The electronic structure of this phase, shown in Fig. 3, high-
lights that hydrogen is an electron dopant, and it shifts the Fermi
level at higher energies with respect to pure PdCu by filling the
Pd/Cu derived states. This behavior is in perfect analogy with what
has been observed in PdH:8 in fact, hydrogen intercalation in pure
palladium results in the filling of the former Pd d-orbitals, reducing
the density of states at the Fermi level.

The Fermi surface of PdCuH is now open: it is composed of
two opposite cross-shaped surfaces laying on the Z planes and four

FIG. 1. Unit cell of the PdCu in the CsCl (B2) phase. Gray (brown) spheres
represent Pd (Cu) atoms. In the unit cell, the high symmetry intercalation sites
of H are indicated with blue points, labeled according to the standard literature
on the subject.

FIG. 2. In the left panel, we report the PdCu projected bands. The Pd (Cu)
atomic character of the eigenvalues is plotted in blue (gray). In the right panel,
the total density of states is represented. The inset shows the corresponding
Fermi surface.
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double-cone structures at the corners of the BZ, which extends con-
tinuously in the adjacent BZ, parallel to the Γ� Z direction.

The stability of the phase was then investigated by calculating
phonon dispersion, shown in Fig. 4. The phonon spectrum is char-
acterized by low frequency Pd- and Cu- derived modes and a high
frequency region (≃600�800 cm�1) of H-induced modes, sepa-
rated by a large energy gap. A dynamical instability with a very
small negative frequency (�� 20 cm�1) is observed around the R
point of BZ.

However, the presence of this (harmonic) instability was, in
part, expected, considering that the same dynamical instability has
been reported in PdH.53,54 This is representative of a possible non-
negligible role of anharmonic effects, whose inclusion can remove
the inconsistency, as found for PdH.53

Despite the limitations of the harmonic approximation for
this system, the comparison of the calculated phonon density of
states with the function S(Q, ω) reported in Ref. 52 reveals a dis-
crete qualitative agreement with experiments, probably suggesting
that anharmonic effects, although surely present, are not as relevant
as in PdH.

On the basis of these results, we can predict the superconduct-
ing properties of PdCuH,55 evaluating the Eliashberg spectral func-
tion, α2F(ω), reported in Fig. 4.56 As shown by the function λ(ω)
(see Fig. 4), the coupling is well distributed throughout all the spec-
trum; however, it results in a predicted total electron–phonon cou-
pling parameter, λ ¼ 0:25, which gives a TC , 1K. We, thus,
conclude that, within the present approximations, our results indi-
cate that the PdCuH system is a sub-kelvin superconductor and
thus cannot be responsible for the observed TC in Pd–(noble)metal
hydrides. However, the formal concentration reported for the

superconducting phase is characterized by an H/M ratio of �0:7,
i.e., a stoichiometry around PdCuH�1:4 (see Sec. I), and thus higher
than one hydrogen per B2 unit cell. In addition, considering
the charging of PdCu with H2 before H-atom implantation,
required to obtain the superconducitng phase transition, disorder
effects and inhomogeneities can easily stabilize phases with differ-
ent hydrogen content. For this reason, we extended the study to
phases with a higher hydrogen content in the single B2 unit cell,
leading to the PdCuH2 stoichiometry (two hydrogen atoms per B2
unit cell).

The random search for hydrogen intercalation sites in the B2
matrix results in two low energy structures (see Fig. 5) with an
energy difference of about ΔE� 50meV per unit cell. The ground-
state structure has hydrogen occupying both the octahedral sites
O1 and O2 (see Fig. 1), while the metastable phase is characterized
by hydrogen sitting in the tetrahedral sites. Interestingly, with the
inclusion of vibrational zero-point energy contributions (see
below), the octahedral sites turn out to be largely favored with
respect to tetrahedral by more than 250 meV.

The inclusion of an additional hydrogen atom in the PdCuH
phase results in a very small expansion of the unit cell
(�3% in-plane and �2.2% out-of-plane), which remains tetragonal,
with a negative formation energy of �� 0:27 eV/cell, demonstrat-
ing, once again, the high hydrogen affinity of these compounds.
The calculated band structure for the ground state (see Fig. 6) con-
firms the role of hydrogen as a electron dopant, shifting the Fermi
level at higher energies, where the bands now acquire a slightly
higher hydrogen character.

The phonon dispersion shows dynamical instabilities around
Z and X (see Fig. 7) high symmetry points, with imaginary modes.
However, as discussed for PdCuH, anharmonic effects may be
crucial for hydrogen-rich compounds and could also (dynamically)

FIG. 3. PdCuH band dispersion (left) and density of states (right). The band
presenting a hydrogen-like character is highlighted with a red scale, while the
gray scale refers to the metal PdCu character. The black line in the right panel
is the total density of states, while the red one refers to the H-projected DOS.
The Fermi surface is shown in the inset.

FIG. 4. PdCuH phonon dispersion (right) and relative density of states (left). On
the left, we also plot the spectral function (in orange) and its weighted integral
λ(ω) (top scale).
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stabilize the present structure. As reported in Fig. 8, the adiabatic
potential energy surface of PdCuH2 along the normal mode coordi-
nate α, corresponding to the lowest-energy mode at Z, shows weak
quartic instability, inducing a small distortion (≃0.05 Å), and an
energy gain of the order of ≃0.5 meV. Due to the very low depth of
the double well potential, we can safely speculate that anharmonic
effects can stabilize the symmetric, non-distorted, structure, indi-
cating that the equilibrium position of hydrogen atoms is probably
dynamical, like in PdH.53

Apart from weak dynamical instabilities, from the phonon dis-
persion, we observe that PdCuH2, in contrast with PdCuH, does
not present an energy gap at intermediate frequencies, which are
the most coupled ones (as observed in palladium hydride53),

making it very promising from a superconducting point of view.
Indeed, the α2F(ω)57 function (shown in Fig. 7) is characterized by
strongly coupled modes extending up to 500 cm�1, resulting in a
total electron–phonon coupling of 1.9 and a TC ¼ 40�45 K
(depending on the parameters used in the numerical evaluation).58

The estimation of a larger critical temperature was partially
expected, as for PdH, the harmonic approximation yields
TC ¼ 47 K53 due to the anomalous softening of phonon frequen-
cies. Anharmonic effects lead to hardening of the phonon spec-
trum, resulting in a reduction of the critical temperature to 5 K.53

Although the calculation of the anharmonic contributions in
PdCuH2 is beyond the scope of the present paper, we can still esti-
mate the effect of anharmonic corrections on the superconducting
properties artificially increasing the phonon frequencies by apply-
ing an external pressure. To test this computational experiment, we
considered the case of PdH, which is also dynamically unstable at
0 GPa within the harmonic approximation. Increasing the pressure
to 15 GPa is enough to reproduce a phonon spectrum in qualitative
agreement with the experiments, yielding a critical temperature of
7 K, perfectly in line with what was obtained by means of detailed
calculations.53

In the same spirit, we evaluated the phonon frequency at the
Z point as a function of the external (isotropic) pressure, finding
that it gradually increases and turns real at about 5 GPa, with
anharmonic effects strongly reduced (not shown). Thus, to avoid
this last critical region, we calculated the phonon spectrum and the
electron–phonon coupling of PdCuH2 at 8 GPa, sufficiently higher
than the critical pressure of 5 GPa, but still low enough not to
induce relevant changes in electronic properties. The results are
reported in Fig. 9, which shows the phonon dispersion and the
α2F(ω). We verified that the volume reduction does not have a sig-
nificant effect neither on electronic properties (the shape of the
Fermi surface and the band structure around the Fermi level are

FIG. 6. PdCuH2 band dispersion (left) and density of states (right). The band
presenting a hydrogen-like character is highlighted with a red scale, while the
gray scale refers to the metal PdCu character. The black line in the right panel
is the total density of states, while the red one refers to the H-projected DOS.

FIG. 5. Ground state (on the left) and metastable (on the right) phases of
PdCuH2.

FIG. 7. PdCuH2 phonon dispersion (right) and relative density of states (left).
On the left, we also plot the spectral function (in orange) and its weighted
integral λ(ω) (top scale).
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practically unchanged with respect to the equilibrium phase) nor
on the distribution of the electron–phonon coupling [the α2F(ω)
spectral function]. However, as expected, the phonon frequencies
get shifted to higher energies, in particular, between 200 and
400 cm�1, making the system dynamically stable with real fre-
quencies at both Z- and X-point of the BZ. The electron–phonon
coupling is particularly relevant in the intermediate frequency
region (400�800 cm�1), characterized by in-plane H vibrations

(x=y directions). The higher frequencies originate from the
out-of-plane hydrogen modes (z-direction). The predicted total
electron–phonon coupling parameter λ is �1:24, resulting in a
predicted critical temperature of 34 K.

Although this result can quantitatively change due to addi-
tional long range distortions and/or anharmonic corrections, we
believe that it indicates the possibility of a low, if not ambient, pres-
sure superconducting phase in H-doped PdCu alloys, as obtained
in Stritzker’s experiments.32 The hydrogen-rich phase we identified
can be a good model to understand the effect of increasing hydro-
gen content in Pd-alloys, considering that Stritzker’s results were
obtained in samples pre-charged under a H2-gas pressure of 4 atm
at 300 �C and subsequently implanted with hydrogen at 130 KV.
Indeed, this last result could not be obtained with other techniques,
such as high-pressure charging,59 but it was possible with electro-
lytic charging at dry-ice temperatures, one of the most effective
techniques to increase hydrogen content in PdHx samples.60

Interestingly, in PdH, hydrogen doping suppresses spin-
fluctuations active in pure Pd,28 which is on the verge of a ferro-
magnetic phase, favoring the superconducting phase driven by the
sizable electron–phonon coupling (already partially present in pure
palladium8). In contrast, the PdCu alloy does not show any mag-
netic instabilities, and the electron–phonon coupling is so small
(λ ≃ 0:2) that it does not allow a superconducting phase, which is
then restored in PdCuH2 by the presence of hydrogen-derived
states at the Fermi level.

IV. CONCLUSIONS

In the present work, using first-principles DFT simulations,
we investigated the superconducting properties of PdCuHx ternary
hydride at ambient pressure (x ¼ 1, 2). We were able to rationalize
puzzling experimental evidence32,60 of a relatively high-temperature
superconducting phase in Pd–(noble)-metal alloys, incorporating a
significant amount of hydrogen. We identified the low-hydrogen
content phase as the PdCuH hydride, predicting the octahedral
“O1” site (Fig. 1) as the low energy intercalation site for hydrogen,
in good agreement with available experimental data,52 but the low
electron–phonon coupling parameter excludes this structure as
responsible for the observed TC . On the other hand, the highly
hydrogenated structure, i.e., PdCuH2, possesses interesting super-
conducting properties, with an estimated TC of 34 K.

In our opinion, the PdCuH2 phase, here investigated, can be
identified with the one experimentally realized by Stritzker32 and
Leiberich et al.60 The discrepancy in the predicted critical tempera-
ture, similarly to what is found for PdH,53,61 can be ascribed to
anharmonic effects, which, strengthening the phonon frequencies,
reduce the critical temperature predicted within the harmonic
approximation.

We hope that this work will motivate a careful re-examination
of Stritzker’s work, using hydrogen pre-charged samples and
hydrogen implantation as an effective technique to increase hydro-
gen content in Pd–noble-metal alloys, with the goal of engineering
new and promising ambient-pressure superconducting hydrides.

FIG. 8. Adiabatic energy profile (in eV) of PdCuH2 along the imaginary mode at
the Z point. The mode is characterized by eigenvectors with in-plane compo-
nents on Cu and H atoms in the O2 site. The inset shows a zoom around zero
displacement.

FIG. 9. Phonon dispersion (right) and relative density of states (left) for
compressed PdCuH2 at 8 GPa. On the left, we also plot the spectral function
(in orange) and its weighted integral λ(ω) (top scale).
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