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A recent experimental work on palladium hydrides suggested that metastable structures with hy-
drogen atoms occupying tetrahedral sites could lead to superconductivity above 50 K, a huge increase
compared to the 9 K critical temperature of the stable structure with all hydrogen atoms occupy-
ing octahedral sites. By generating many structures with hydrogen atoms randomly occupying the
octahedral and tetrahedral sites of the face-centered cubic lattice and calculating their energy at
different theoretical levels from first principles, we determine that metastable structures with partial
or full occupation of tetrahedral sites are possible, even when the ionic quantum zero-point energy
and anharmonicity are included in the calculations. Anharmonicity is crucial in palladium hydrides
when hydrogen atoms occupy octahedral sites and, in fact, makes the structure with full octahedral
occupation the ground state. Despite the metastable existence of structures with full or partial
tetrahedral sites occupation, the superconducting critical temperature is reduced with the number
of tetrahedral sites occupied. Our calculations discard that the occupation of tetrahedral sites can
increase the critical temperature in palladium hydrides.

I. INTRODUCTION

The discovery of superconductivity above 200 K at
megabar pressures in hydrogen-based compounds, beat-
ing all the records previously set by the cuprates, is one of
the greatest achievements in physics of the last years [1–
6]. Remarkably, many of the experimental findings were
anticipated by first-principles calculations [7–10], show-
ing the importance of ab initio studies in the progress
of the field. The question whether stable or metastable
hydrides with a high superconducting critical tempera-
ture (Tc) exist also at ambient pressure has to be an-
swered now. There are hydrogen-based superconductors
at ambient pressure such as PdH [11–14] and Th4H15

[15], but all of them have low Tc values, not surpassing
∼ 10 K. Interestingly, Syed et al., in a work that re-
mains unconfirmed, have claimed that metastable phases
of PdH grown using a fast-cooling technique can yield
much higher superconducting critical temperatures, even
reaching values above 50 K [16]. If confirmed, that would
mean high-Tc hydrides can exist at ambient pressure.
Palladium hydrides have been largely studied since

their discovery [17], for instance, as hydrogen storage ma-
terials. In fact, palladium has a large capacity to absorb
considerable quantities of hydrogen [18–20]. It is possi-
ble to synthesize compounds with different values of the
H/Pd ratio, labeled as x, with proportions that reach as
maximum the stoichiometric condition (x = 1). PdHx

becomes superconducting with x > 0.80, and the criti-
cal temperature rises as x is increased, reaching a value
of 8-9 K in the stoichiometric limit [11–14]. Interest-
ingly, the superconducting critical temperature of PdH
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increases the heavier the mass of the hydrogen [13, 14],
a strongly anomalous isotope effect that was explained
due to the presence of strong anharmonic hydrogen lat-
tice vibrations [21].

The general consensus is that the ground state struc-
ture of stoichiometric PdH is formed by hydrogen atoms
occupying the octahedral interstitial sites of the face cen-
tered cubic (fcc) palladium lattice. This statement is
supported by early neutron diffraction experiments both
on the hydride and the deuteride [22], as well as the
agreement between the theoretical ab initio anharmonic
phonon calculations [21] and the experimental phonon
spectra obtained with inelastic neutron scattering and
Raman experiments [23–28]. The fact that the super-
conducting properties, including the inverse isotope ef-
fect, are explained by ab initio theoretical calculations
assuming the octahedral occupation further sustains this
idea [21]. However, more recent powder neutron diffrac-
tion experiments have observed partial occupation of the
interstitial tetrahedral sites in the deuteride compound
[29, 30]. First-principles calculations within density-
functional theory (DFT) [31] show that both octahe-
dral and tetrahedral configurations are local energy min-
ima, where the octahedral configuration is slightly fa-
vored with respect to the tetrahedral one. Similar DFT
calculations determine, on the contrary, that tetrahedral
site occupation is preferred energetically at high hydro-
gen concentration [32].

The question of where the hydrogen atoms sit in PdH
is of particular importance because the main hypothesis
to explain the experiments in Ref. [16] is that the fast
cooling technique yielded metastable PdH and PdD com-
pounds with partial or full tetrahedral site occupation
and high superconducting critical temperatures. The en-
ergetic comparison between different possible sites has
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not been performed fully including the lattice zero-point
energy and anharmonicity, which is crucial in this system
[21], beyond simplified models [31]. In order to clarify the
possibility of having stable or metastable occupation of
tetrahedral sites in PdH and its impact on superconduc-
tivity, here we present ab initio structural relaxations of
several PdH structures with mixed octahedral and tetra-
hedral site occupations including the quantum lattice
zero-point energy within the stochastic self-consistent
harmonic approximation (SSCHA) [33–36]. Our results
suggest that metastable full or partial tetrahedral site oc-
cupation of interstitial sites is possible in PdH, but that
it does not enhance the superconducting critical temper-
ature.

The manuscript is organized as follows. In Sec. II we
describe the details of the ab initio calculations, in Sec.
III we present the results of our work, and in Sec. IV we
summarize the main conclusions.

II. METHODS AND COMPUTATIONAL
DETAILS

In the present analysis we work always with the stoi-
chiometric ratio x = 1. While other stoichiometries are
certainly interesting, we study this particular ratio as it
is the one that yields the highest Tc [11–14] and is the
one that in principle yielded superconductivity above 50
K [16]. In order to study the energies of configurations
with tetrahedral site occupation, we have constructed a
2× 2× 2 supercell starting from the primitive fcc lattice,
i.e. with 8 Pd atoms, and randomly place 8 hydrogen
atoms between the octahedral and tetrahedral sites. We
classify the structures by the number of occupied octa-
hedral sites in the beginning. In any configuration, if
n hydrogen atoms occupy octahedral sites (with n from
0 to 8), then 8 − n hydrogen atoms occupy tetrahedral
sites. Note that per Pd atom in the fcc lattice there is
one octahedral site and 2 tetrahedral sites. The structure
with full octahedral occupation, n = 8, has a space group
Fm3̄m and all positions are fixed by symmetry. Config-
urations with partial or full tetrahedral occupation have
a lower symmetry and, in most of the cases, atoms are no
longer fixed to a specific lattice site and can thus relax.
We have performed these relaxations both in the clas-
sical case, assuming that ions are classical objects and
therefore adopt the positions given by the local minima
of the Born-Oppenheimer energy surface V (R), and in
the quantum case within the SSCHA, which accounts for
the quantum zero-point energy including anharmonicity
at a non-perturbative level.

The SSCHA is a variational method that minimizes
the free energy

F [R,Φ] = ⟨K + V (R)⟩ρ̃R,Φ
− TSion[ρ̃R,Φ] (1)

of the system as a function of the centroid positions
R and auxiliary force constants Φ that parametrize the
ionic density matrix ρ̃R,Φ [33–36]. In Eq. (1) K is the

ionic kinetic energy operator, Sion[ρ̃R,Φ] the ionic en-
tropy associated to ρ̃R,Φ, and ⟨⟩ρ̃R,Φ

denotes the quan-
tum statistical average taken with ρ̃R,Φ. The SSCHA as-
sumes that the probability distribution function defined
by ρ̃R,Φ is a Gaussian centered at the R positions, i.e.
the average ionic positions, and has a width related to Φ.
At the minimum of F [R,Φ], the obtained centroid po-
sitions R determine the renormalized average positions
of the ions including ionic quantum effects and anhar-
monicity at a non-perturbative level.
Classical structural relaxations on the Born-

Oppenheimer energy surface were performed with DFT
making use of the plane-waves Quantum ESPRESSO
package [37, 38]. The exchange-correlation functional
was approximated with the Perdew-Burke-Ernzerhof
(PBE) parametrization [39]. Brillouin zone integrals
in the DFT self-consistent calculations were performed
with a 12×12×12 k-point grid for the 2× 2× 2 supercell
containing 16 atoms. We used a kinetic energy cutoff for
the wave functions of 55 Ry and of 550 Ry for charge
density. Projector-augmented wave pseudopotentials
from the Quantum ESPRESSO library were used [40],
with 10 electrons in the valence for Pd.
SSCHA quantum anharmonic structural relaxations

were performed on the same 2 × 2 × 2 supercell with 16
atoms. The SSCHA minimization requires the calcula-
tion of atomic forces on different random configurations
generated according to ρ̃R,Φ. These forces were calcu-
lated ab initio with DFT, with the same parameters used
for the classical relaxations. Due to the reduced symme-
try of many of the structures analyzed, a large number of
random configurations were needed to converge the SS-
CHA minimization, in the order of 10000 per compound
for the less symmetric cases.
We have calculated the phonon spectra of the struc-

tures relaxed at the quantum level with the SSCHA both
at the harmonic level and the anharmonic level. The
electron-phonon interaction is also estimated at the har-
monic and at the SSCHA levels for these structures. The
Eliashberg function used to calculate the electron-phonon
coupling is given as

α2F (ω) =
1

N(0)NkNq

∑
kqnm

∑
stαβ

ϵsαµ (q)ϵtβν (k)

2ωµ(q)
√
MsMt

×

× dsαkn,k+qmdtβ∗kn,k+qmδ(εkn)δ(εk+qn)δ(ω − ωµ(q)), (2)

where N(0) is the density of states per spin at the Fermi
level, Nk and Nq are the number of electron and phonon
momentum points for the Brillouin zone sampling, Ms is
the mass of the atom s, ωµ(q) is the phonon frequency
of mode µ with wave number q, ϵsαµ (q) is the polariza-
tion vector of atom s along Cartesian direction α, and
dsαkn,k+qm = ⟨kn| δV/δusα(q) |k + qm⟩ is the deforma-

tion potential in terms of the Kohn-Sham states |kn⟩
of energy εkn measured from the Fermi level, with V the
Kohn-Sham potential.
The deformation potential as well as the harmonic

phonon frequencies have been calculated within density-
functional perturbation theory (DFPT) [41] in a 2×2×2
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FIG. 1. Born-Oppenheimer energies (top panel) and pressures
(bottom panel) for structures with hydrogen atoms at random
interstitial sites. The structures are classified according to the
number of occupied octahedral sites at the beginning of the
calculation, n. The data in orange refers to the initial non-
relaxed structures, while in black we show the data for the
internal relaxed structures (internal relaxation) keeping the
unit cell unchanged. The data in blue corresponds to the
classical relaxation in which the unit cell is allowed to change
(cell relaxation). In each class of data, we have marked with
numbers the energies and pressures of the structures that we
study with the SSCHA method a posteriori, which are marked
with a square and not a dot. The energies are measured from
the energy of the structure with full octahedral occupation,
n = 8.

q-point grid of the 16 atoms supercell. The harmonic
α2F (ω) [42] has been obtained with a 30 × 30 × 30 k-
point grid for the Brillouin zone integrals on the elec-
tronic states, and a 0.01 Ry Gaussian smearing for the
double Dirac delta on the Fermi surface. The conver-
gence of the q- and k-point grids was carefully studied,
and the parameters used are consistent with those used
for the primitive cell of PdH with full octahedral occu-
pation [21]. In order to obtain the anharmonic α2F (ω)
in the same 2 × 2 × 2 q-point grid of the 16 atom su-
percell, we interpolate the difference between the Γ point
SSCHA auxiliary dynamical matrix and the harmonic
result at this point to the finer 2 × 2 × 2 grid. Adding
the harmonic result back to the interpolated result, we
have obtained the anharmonic phonons in the 2 × 2 × 2
grid. The anharmonic α2F (ω) is obtained by combining
the calculated deformation potential with the eigenvalues
and eigenfrequencies of the dynamical matrix defined by
the SSCHA auxiliary force constants. With the Eliash-
berg function the effective electron-phonon coupling is

computed as

λ = 2

∫ ∞

0

dω
α2F (ω)

ω
. (3)

The superconducting critical temperature was obtained
by solving the Allen-Dynes modified equation [43] with
different values of the so-called Coulomb pseudopotential
µ∗.

III. RESULTS

We start our analysis of possible metastable states
with partial tetrahedral sites occupation by creating con-
figurations in the 2×2×2 supercell randomly occupying
tetrahedral and octahedral interstitial sites in the fcc
Pd lattice, assuming a lattice parameter of 7.814 a0,
the equilibrium lattice parameter obtained in the Born-
Oppenheimer classical energy surface for PdH with full
octahedral occupation within PBE and without consid-
ering the zero point motion. For each initial number of
atoms in octahedral sites, we create 10 random struc-
tures. As shown in Fig. 1, these structure have a wide
range of Born-Oppenheimer energies, with differences up
to almost 0.4 eV per PdH. This shows that arranging
H atoms at different interstitial sites can considerably
change the total energy of the system, showing that H-
H and Pd-H interactions are strongly dependent on the
site of hydrogen atoms. For this lattice parameter (7.814
a0), the structure with lowest Born-Oppenheimer energy
is the one with full octahedral occupation (n = 8). It
is interesting to remark that, as illustrated in the bot-
tom panel of Fig. 1, these random structures have a very
different pressure, which increases with the number of
H atoms occupying tetrahedral sites, reaching a pressure
of 160 kbar for the fully tetrahedral structure (n = 0).
Thus, structures with tetrahedral sites occupied have a
larger lattice parameter.
As mentioned above, once tetrahedral interstitial sites

start being occupied, the symmetry of the crystal is re-
duced and atoms are not fixed to their sites by symme-
try anymore. We first relax these structures to the Born-
Oppenheimer energy minima only modifying the internal
positions, without modifying the fcc primitive lattice vec-
tors and keeping the 7.814 a0 lattice parameter. These
reduces considerably the energies of the structures with
tetrahedral sites occupied (n < 8) with respect to the
full octahedral occupation, but still the full octahedral
site structure remains the lowest energy one. However,
considering that the n < 8 structures still are subject to
a positive pressure with this unit cell, the energy is not
the appropriate thermodynamic quantity for the compar-
ison. We thus fully relax these structures to the Born-
Oppenheimer minima with a target pressure of 0 kbar,
with a tolerance of about 10 kbar. Most of the cell relax-
ations are performed by only adjusting the length of the
lattice parameters, keeping fcc lattice vectors. In order
to study the possibility of symmetry breaking of the cell,
we also relaxed some structures allowing full adjustment
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of the lattice vectors with no restrictions. After the cell
relaxations the pressure of all structures is comparable
and the energy becomes the right thermodynamic vari-
able. Interestingly, structures with partial or even full
tetrahedral occupation have a lower energy than the full
octahedral structure, remarking that tetrahedral and oc-
tahedral occupation of interstitial sites are very compet-
itive in energy, as previously described in the literature
[31, 32].

The evolution of the classical relaxation of some of
these structures is illustrated in Fig. 2. The structures
change strongly from their initial starting point, which
addresses the shallowness of the energy barriers between
different interstitial sites [31, 44]. Some of the calcula-
tions show that, despite departing with some H atoms
at octahedral sites, the final structures only contain H
atoms at tetrahedral sites, like those labeled as #2, #3,
and #5. Structures #1, #3, #4, and #5 were relaxed
keeping the fcc cell vectors and the lattice parameters
increased between a 1.5% and 2.5% depending on the
case. The structural modifications mainly involve hydro-
gen atoms in these cases, as Pd atoms remain with an
arrangement that is not far from the perfect fcc. Con-
sidering that H atoms are invisible to x-ray diffraction
experiments, distinguishing these structures from the full
octahedral configuration would be difficult by x-ray, only
an expansion of the lattice should be detected for those
cases with occupied tetrahedral sites. For structure #2
the situation is different, as the unit cell vectors are al-
lowed to fully change: at the end of the classical cell re-
laxation a monoclinic lattice is obtained, with two lattice
vectors that dilate by factors of 1.4% and 2.4%, respec-
tively, and the other vector that contracts by a factor
of 0.5%. The angles shift to 59◦, 74◦ and 60◦ between
the relaxed unit cell vectors. Due to the lattice change,
the structure should be distinguishable from the Fm3̄m
structure by x-ray diffraction.

Considering the large anharmonicity at play in PdH,
at least in the fully octahedral configuration [21], we fur-
ther relax some of the structures obtained after the cell
Born-Oppenheimer classical relaxation considering ionic
quantum effects and anharmonicity within the SSCHA.
Due to the large computational effort to structurally re-
lax in the quantum energy landscape these structures
that lack symmetry, we limit ourselves to relax the five
representative structures labeled from #1 to #5 in all
figures. Despite ionic quantum effects and anharmonic-
ity can impact the cell parameters [35, 45–47], consider-
ing the additional large computational effort required to
relax the cell parameters for these systems with no sym-
metry, here we do not relax the unit cell further and just
relax the internal centroid positions R in the quantum
energy landscape. However, the stress tensor calculated
including ionic quantum effects [35] in these structures
shows that there is a weak anisotropy in the stress tensor
for any of the five structures, irrespective of whether the
cell remains fcc-like or not. This suggests that fcc lat-
tices can be realized in this system even if the symmetry
is broken by the interstitial sites occupied by hydrogen,

supporting the treatment given to the cell relaxation.

The impact of ionic quantum effects on the centroid
positions is structure dependent. While some structures
are radically changed by quantum effects, others do not
exhibit drastic changes (see Fig. 2). Structure #1, which
starts with 6 H atoms in octahedral sites and 2 in tetrahe-
dral sites, deforms considerably in the classical relaxation
with fixed cell and relaxing the cell, but still keeps hy-
drogens at the same interstitial sites. This is changed by
the quantum SSCHA relaxation, which shifts the atoms
in tetrahedral sites to octahedral sites, recovering the
full octahedral configuration. Structure #2, which also
starts with 6 octahedral and 2 tetrahedral sites, keeps
those occupations after the classical internal relaxation,
but the cell relaxation pushes all atoms into tetrahedral
sites. The posterior quantum SSCHA relaxation barely
affects the structure, keeping all the H atoms at tetra-
hedral sites. Structure #3, starting with four octahedral
and four tetrahedral sites, already with the first internal
classical relaxation transforms into a full tetrahedral oc-
cupation, which does not evolve further after the classical
cell and the quantum SSCHA relaxations. Structure #4,
which start as well with an equal occupation of octahe-
dral and tetrahedral sites, is particularly interesting as
each relaxation induces a large change in the position of
hydrogen atoms. Remarkably, ionic quantum effects sta-
bilize a structure with mixed occupation of tetrahedral
and octahedral sites. Finally, structure #5, which starts
with the occupation of 6 tetrahedral and 2 octahedral
sites, is similar to structure #2 since already at the in-
ternal relaxation all H atoms shift to a tetrahedral site
and remain unaltered by the subsequent relaxations. All
these calculations show that the quantum energy land-
scape in the PdH system is complex and many possible
metastable states are possible also when the zero point
energy and anharmonicity are considered in the calcu-
lations. Regardless of the initial occupation of intersti-
tial sites, our calculations show that stable or metastable
states with full tetrahedral or octahedral occupations, as
well as with mixed occupation of these sites, are possible.

Our SSCHA calculations can also analyze which of
these states is the ground state structure once the ionic
zero point energy and anharmonicity is considered in the
calculations. As shown in Fig. 3, despite structures
#2, #3, and #5 have a lower Born-Oppenheimer en-
ergy than the high-symmetry full octahedral structure,
after the SSCHA relaxations the energy including ionic
quantum anharmonic effects of these structures becomes
larger. Consistently, structure #1, which evolves into
the full octahedral occupation, reaches the same energy
as the high symmetry n = 8 case. Thus, our calculations
suggest that the structure with full occupation of octahe-
dral sites is the ground state, as reported experimentally
[22], thanks to lattice quantum effects and anharmonic-
ity. However, metastable states with full or partial occu-
pation of tetrahedral sites exist within 0.1 eV per PdH.

The reason why quantum effects affect one structure
more than others is reflected in the phonon spectra shown
in Fig. 4. For the final structure obtained after the
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Structure No relaxation Internal relaxation Cell relaxation SSCHA relaxation
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#2

#3

#4

#5

FIG. 2. Graphical visualization of the structures, ordered from structure #1 to #5. For every structure, we present from left
to right the non-relaxed starting structure (No relaxation), the relaxed structure without modifications of the cell (Internal
relaxation), the relaxed structure obtained by also relaxing the unit cell (Cell relaxation), and the structure obtained with
the quantum relaxation given by the SSCHA (SSCHA relaxation). We mark in red the hydrogen atoms in octahedral sites
at the beginning of the calculation and in green the ones in tetrahedral sites. The atoms keep their initial color for the other
relaxations. The bonds plotted have a cutoff distance of ∼ 4.7a0.

SSCHA relaxation we calculate the phonon spectra in
the harmonic approximation and from the SSCHA aux-
iliary dynamical matrices. Structures #2, #3, and #5
are barely affected by anharmonicity, while structures
#1 and #4 are strongly anharmonic. This is consistent
with the fact that the latter structures are the only ones
that are considerably modified by quantum anharmonic
effects. Interestingly, structure #1 has large imaginary
phonon modes in the harmonic approximation, as it has

previously been described for the high-symmetry Fm3̄m
structure [21]. The same occurs to structure #4, which
also has H atoms in octahedral sites. The analysis of the
phonon spectra clearly indicates thus that anharmonicity
is related to octahedral sites and not so much to tetrahe-
dral sites, for which the potential seems rather harmonic.
Hydrogen vibrations in tetrahedral sites are much harder,
with energies above approximately 25 THz, while hydro-
gen atoms in octahedral sites vibrate with energies be-



6

Structure Harmonic Tc (K) SSCHA Tc (K) Initial octahedral Final octahedral

µ∗ = 0.085 µ∗ = 0.130 µ∗ = 0.085 µ∗ = 0.130

#1 × × 17.4 11.4 6 8

#2 3.3 1.6 2.8 1.3 6 0

#3 4.5 2.3 5.2 2.8 4 0

#4 × × 8.3 5.5 4 Mixed

#5 2.2 0.7 1.5 0.4 2 0

TABLE I. Superconducting critical temperatures calculated with different number of µ∗ for the selected structures after the
quantum SSCHA relaxation, computed with harmonic dynamical matrices and SSCHA auxiliary dynamical matrices. We also
note the number of octahedral occupied positions before any relaxation and after the final SSCHA relaxation. Structures #1
and #4 do not have a harmonic value due to the presence of imaginary phonon frequencies at this level of theory.
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FIG. 3. Comparison between the energies obtained with the
classical relaxation including the unit cell (Cell relaxation)
and with the quantum relaxation within the SSCHA (SSCHA
relaxation) for the five selected structures. The zero of the en-
ergy is taken to be the energy of the structure with 8 occupied
octahedral sites. The number on the right of each data point
indicates the structure. The structure are characterized by n,
the initial number of occupied octahedral sites.

tween approximately 10 and 20 THz. This is the reason
why the structure with mixed octahedral and tetrahedral
occupation (#4) has the broadest range of phonon fre-
quencies. The differences between the structures and the
lack of degeneracies in the phonon spectra are a conse-
quence that all structures are not identical as no symme-
tries have been imposed.

The existence of metastable states with full and partial
occupation of tetrahedral sites suggests that it may be
possible to synthesize these structures with fast-cooling
techniques, as suggested by Syed et al. [16]. It has to
be seen, however, whether these structures do increase
the superconducting critical temperature with respect to
the stable full octahedral configuration, as hypothesized
in Ref. [16]. We calculate here the electron-phonon in-
teraction and the Tc for the five structures analyzed pre-
viously, with the aim to address this important point.
Fig. 4 shows the Eliashberg function, α2F (ω), and the
integrated electron-phonon coupling constant, λ(ω), for
the anharmonic SSCHA calculation. From the figures
we can deduce that the contribution of the high-energy
H-character modes to the electron-phonon coupling con-
stant is only sizable when octahedral sites are occupied,
such as in structures #1 and #4. It is thus not surpris-

ing that the largest calculated Tc among these structures
is the one with full octahedral occupation (#1), with Tc

around 11.4 K with µ∗ = 0.13, followed by the one with
mixed occupation (#4), with Tc around 5.5 K for the
same value of the Coulomb pseudopotential (see Table
I). With the same parameters, the structures with full
tetrahedral occupation have a lower critical temperature,
between 0.4 and 2.8 K. This shows that the metastable
occupation of tetrahedral sites is not beneficial for super-
conductivity and that the highest critical temperature is
attained with the stable structure with full octahedral
occupation.

The critical temperature calculated for the full octahe-
dral configuration here is overestimated with respect to
previous calculations also including anharmonic effects
[21]. We attribute these differences to the fact that the
lattice vectors here have not been relaxed in the quantum
energy landscape, so that the lattice parameters in the
calculations are different; a different exchange-correlation
functional is used here; and the calculation here is per-
formed in a non-symmetrized structure, not exactly with
the Fm3̄m symmetry, in a 2×2×2 supercell. The pre-
vious calculations, thus, are performed in a more con-
trolled way and are thus more reliable with respect to
the absolute value of the calculated Tc, but the result
obtained here is solid: full or partial metastable occupa-
tion of tetrahedral sites reduces the critical temperature.

In order to deepen on the origin of why tetrahedral
sites occupation suppresses the electron-phonon coupling
constant we have calculated the density of states (DOS)
and its projection onto Pd and H atoms. As shown in Fig.
5, irrespective of where hydrogen atoms sit, the DOS at
the Fermi level is always dominated by Pd electrons. In
other words, hydrogen plays no role in the bonding here,
and consequently all these PdH phases can be catego-
rized as isolated systems according to the classification of
hydrogen-based superconductors introduced in Ref. [48].
In fact, this is the reason why the Tc of these compounds
is small in comparison to other high-Tc hydrides [48]. Due
to the lack of H-character electrons in the Fermi surface,
the deformation potential is similar for all the studied
structures and the dependence of Tc on the occupation
of tetrahedral sites is dominated by the phonon frequen-
cies. As λ scales with the phonon frequencies as ω−2, the
harder phonon frequencies of tetrahedral sites lead to a
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lower coupling constant.

IV. CONCLUSION

By analyzing many possible occupations of interstitial
sites in palladium hydrides within DFT including ionic
quantum and anharmonic effects, we conclude that, de-
spite the configuration with all hydrogen atoms in octa-
hedral sites is the ground state, partial and full tetrahe-
dral sites can be occupied metastably. This opens the
door to synthesizing structures with partial or full tetra-
hedral occupation, as suggested by recent experiments
[16, 29, 30]. However, contrary to the hypothesis pre-
sented in Ref. [16], we demonstrate here that the occupa-
tion of tetrahedral sites does not increase the critical tem-
perature of PdH, it suppresses it. Our results underline

that quantum effects and anharmonicity are crucial in
the thermodynamical (meta)stability of PdH structures,
specially with respect to vibrations around the octahe-
dral sites. The experiment measuring Tc values above 50
K in metastable PdH phases [16] is questioned by our
theoretical calculations.
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