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Electronic structure of nitrogen-doped lutetium hydrides
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First-principles density functional theory (DFT) calculations of supercell structures based on N-doped
Fm3m LuH3 reveal configurations of Fm3m Lu8H23−xN that exhibit novel electronic properties such as flat
bands, sharply peaked densities of states (van Hove singularities, vHs), and intersecting Dirac cones near the
Fermi energy (EF ). These electronic properties are present when N substitutes H in the octahedral interstices of
Fm3m LuH3. These structures also exhibit an interconnected metallic hydrogen network, a common feature of
high-Tc hydride superconductors. Electronic property systematics gives an estimate of Tc for one structure that
is well above the critical temperatures predicted for structures considered previously. DFT+U has an especially
strong effect on one of the structures considered, enhancing the vHs and flat bands near EF . These results provide
a basis for understanding the electronic properties observed for nitrogen-doped lutetium hydride.
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Rare-earth hydrides form a unique chemical composi-
tion of the heavy rare-earth ions and the lightest hydrogen
atoms that can lead to novel material properties including
metal-insulator transitions and superconductivity. Such novel
properties originate from the subtle balance between the
strongly localized nature of heavy electrons in rare-earth ions
and the itinerant electronic behaviors of hydrogen. A partic-
ularly intriguing example is nitrogen-doped lutetium hydride,
which has recently been reported to exhibit near-ambient su-
perconductivity [1]. The disposition and stoichiometry of the
light elements are not known, nor is it clear what role, if
any, nitrogen plays in the reported superconductivity. First-
principles searches have not found structures with strong
electron-phonon coupling (EPC) [2–7]. It is of interest to find
structures in the ternary Lu-H-N system with strong vHs near
the Fermi energy (EF ) in the density of states (DOS) because
those features increase EPC [8,9].

Inspired by the pioneering theoretical predictions of high
Tc superconductivity by Ashcroft [10,11], density functional
theory (DFT) calculations have played an important role
in guiding experiments aimed at realizing room tempera-
ture superconductivity, specifically in dense hydrides [12,13]
with calculations that have been confirmed by subsequent
experiments [14–18] (see [19] for a review). The recent
report of room-temperature superconductivity in LuH3−xNy

at 1 GPa [1] has motivated numerous recent DFT calcula-
tions aimed at understanding the result [1–5,7,20]. Candidate
structures and stoichiometries have been identified and pro-
posed, but they do not exhibit properties conducive to
known superconducting mechanisms. We use DFT [21–23]
and DFT+U [24,25] calculations to explore bonding and
electronic properties of a broad range of structures and com-
positions that fit the available experimental data. We show
that a subset of Lu-H-N structures and stoichiometries consis-
tent with available experimental constraints [1] exhibit novel

electronic structures that include Dirac cones, a sharp vHs,
and flat bands at EF . These features imply strong EPC and, if
stabilized against structural instabilities, may support a high-
temperature superconducting phase [26].

We begin our study by computing the electronic struc-
ture of a variety of supercells based on Fm3m LuH3−xNy

in light of recent theoretical studies of the energetics of
the system [2–5,7,20]. In the parent structure Fm3m LuH3,
each Lu atom is surrounded by hydrogens in tetrahedral and
octahedral sites (Fig. 1, top). Preserving the large electron-
phonon coupling of FCC RH3 [27] suggests only considering
a limited nitrogen content. Additionally, the experimental
constraints suggest a N:Lu ratio near 1:8 [1] (i.e., y =
0.125 in LuH3−xNy) and a highly symmetric structure sim-
ilar to Fm3m LuH3, which suggests symmetric N-doped
supercells of LuH3. These factors narrowed our search, and
Fm3m Lu8H23−xN for small x emerged as particularly impor-
tant due to its interesting electronic structure.

We consider four main superlattice structure types with
stoichiometry Lu8H23−xN (Fig. 1, bottom). Structure A con-
sists of alternating layers of LuH3 and type 1 ordering
LuH2.75N0.25, resulting in a face-centered-cubic (FCC) super-
lattice of N atoms. Structure B has N in tetrahedral sites (type
2 ordering), and was chosen for study due to predicted stabil-
ity of compounds with N substituting H in tetrahedral sites [6].
Structures C and D provide examples of electronic properties
of the less symmetric structures of the same stoichiometries.
Notably, structures A, C, and D have N in octahedral sites.
Structure C has an ABCB stacking, where B are LuH3 lay-
ers, and A and C layers are type 1 orderings with a relative
shift. Structure D is more complex, but its key feature is
N-Lu-N chains. The full structural information is presented
in Figs. S1–S5. To study hydrogen vacancies, we present two
inequivalent octahedral hydrogen vacancy positions inside the
type 1 ordering scheme. The unit cell parameters and atomic
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FIG. 1. Top: Unit cell of Fm3m LuH3 followed by depictions
of the layers [(100) planes] that form the building blocks of the
superlattice structures considered in the present study: LuH3 layer;
type 1 ordering, with N in the octahedral site; type 2 ordering, with
N in the tetrahedral site; type 3 ordering, with chains of octahedrally
coordinated N; and the two types of octahedral H vacancies denoted
by open circles (red: type 1, green: type 2), with the tetrahedral
hydrogens omitted for clarity. Bottom: the four 2 × 2 × 2 superlattice
structure types for Lu8H23−xN (A, B, C, D) created from the above
ordering schemes (see text and Supplemental Material [28]).

positions of the superlattice structure-types were relaxed with-
out symmetry (see the SM [28]). When the above structures
are relaxed, the Lu atoms move towards the N atoms. The sim-
ulated x-ray diffraction patterns of the structures are broadly
consistent with those measured experimentally [1] (Fig. S6),
with structure A matching the best. However, important su-
perlattice reflections at low angle were not observed because
of limitations of the experiment. The optimized lattice param-
eter of structure A (Fig. S1) at zero pressure with DFT-PBE
(a = 10.03 Å) is close to twice the value obtained experimen-
tally for the dominant Fm3m phase in the experiments (a =
5.023 Å) [1].

Figure 2 shows the band structures of Fm3m LuH3,
Lu8H21N (structure-type B) [6], and Lu8H23N (structure-type
A), the latter using DFT+U (see also Fig. S7). Our computed

FIG. 2. The band structures of (top) Fm3m LuH3, (middle)
Lu8H21N (Lu8H21N structure-type B) [6], and (bottom) Lu8H23N
(structure-type A) using DFT+U, U=8.2 eV on Lud , 5.5 eV on Lu f .

LuH3 band structure is in good agreement with the DFT
results calculations of Sufyan and Larsson [29] (Fig. S8).
Lu8H21N (B) has a sizable band gap, meaning it cannot be
a superconducting phase. Despite the same number of va-
lence electrons, this large difference with LuH3 is likely due
to the stoichiometry rather than differences in tetrahedral vs
octahedral site chemistry. Placing N in tetrahedral vs octahe-
dral positions does not significantly alter the DOS, seen by
comparing all the PDOS in Figs. S9(a)–9(d). Sun et al. [6]
examined the stability and properties of Lu8H21N (B) and
found it is not conducive to superconductivity [6], consistent
with our calculated band structure. Remarkably, the bands of
Lu8H23N (structure A) are distinctly different, exhibiting a
combination of hybridization and correlation effects giving
rise to a very sharp vHs at EF and regions of nearly flat
bands (discussed later) with sharp intersecting Dirac cones
(Fig. S10).
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FIG. 3. Calculated PDOS near EF of superlattice structure types
A-D with DFT-PBE+U, U=8.2 eV on Lud [30] (a)–(d) vs DFT-PBE
(e)–(h).

Figure 3 compares the partial density of states (PDOS) near
EF of these and other structures including both DFT+U and
DFT results. We placed U = 8.2 eV on the Lud orbitals since
the pseudopotentials used are tested for this U value to match
accurate (but expensive) HSE06 functional calculations for
LuN [30]. Our own DFT+U calculations confirm that this
U correctly predicts the LuN band gap at the experimental
lattice constant, but it also leads to an overestimation of the
lattice constant upon energy minimization with respect to the
unit cell parameters (see Table S2 of the SM [28]).

Lu8H23N (A) exhibits an extraordinarily sharp vHs close
to EF [Fig. 3(a); see also Fig. S7] that is dominated by Hs

states with additional contributions from Np and Lud . This
feature does not change significantly with U (Fig. S11), in-
dicating our results are broadly valid for a wide range of U.
It is known that sharp vHs at EF lead to Tc estimates that
grow unbounded with the DOS at EF [8,31,32] unlike the
flat DOS approximation [33]. Lu8H23N structures B–D are
relatively featureless around EF [Figs. 3(b)–3(d)] but share
similar broad features below EF and become more similar
when unrelaxed (Fig. S9). The crystal field splitting and Hoct

s ,
Htet

s projections for the parent structure LuH3 and structures
A–D are shown in Figs. S7 and S9. We also studied other
structures with Lu:N ratios of 1:6, 1:4, and 1:2, and a broad
range of hydrogen fillings of the 1:8 ratio. For the most part,

the 1:6, 1:4, and 1:2 stoichiometries do not have hydrogen
states dominant at EF , unlike that of the 1:8 structures.

To study the correlation effects in structures A–D we com-
pare the DFT-PBE results in Figs. 3(e)–3(h). The removal
of U changes structure A, whose vHs is now broadened and
0.2 eV below EF [Fig. 3(e)], though it is still sharp compared
to hydrides with very high predicted Tc [12] (Fig. S19). The
removal of U for the other structures changes their DOS
marginally [Figs. 3(f)–3(h)]. The main effect of U for struc-
ture A is to push Lud states away from EF (Figs. S11, S16, and
S17); near EF , multiband effects result in an enhancement of
the vHs at EF [Figs. 3(a), S12, S16, and S17].

In all the configurations shown, the hydrogens are the
primary contributors at EF , with additional Lud and Np con-
tributions (Fig. S9). The results contrast with those of Ferreira
et al. [4] who found only structures with primarily Lud char-
acter at EF . Of the structures considered thus far, structure
A uniquely responds to the DFT+U with a sharp vHs at EF .
Orbital-projected bandstructures of structure A reveal that the
flat bands at EF are primarily of hydrogen character with some
nitrogen hybridization near EF at L, K, U, and X (Figs. S16
and S17). DFT+U indirectly affects the Lud hybridization
with the other orbitals, which results in flatter bands closer to
EF . Exploring the effect of introducing vacancies into struc-
ture A on the vHs (Fig. S13), we find the electronic structure
(vHs) is stable to a small number of octahedral hydrogen
vacancies with the effect of raising EF . This in combination
with the hole-doping effect of N atoms on the LuH3 bands
in Lu8H23N (Fig. S7) can thus tune EF to match the van
Hove singularity peak, an effect that can significantly enhance
superconductivity in other materials [9,34]. In addition, the
application of modest pressure (i.e., 2 GPa) to Lu8H23N (A)
increases the vHs energy by 13 meV, potentially changing
Tc significantly over this range as the vHs goes from below
EF to above it. These options represent a strategy to tune the
parameters of Lu8H23−xN (A) to maximize the achievable Tc.

The total energies of the Lu8H23N structures considered
here (Table S1) are within 7–30 meV/atom of each other. The
DFT results are consistent with those reported for Lu8H23N
by Sun et al. [6] who also found Lu8H21N (B) to be dy-
namically stable. Calculations without U for structure A find
the �-point phonons to be weakly unstable at ambient, but
stable above 10 GPa. This suggests any dynamical instabilities
may be stabilized by pressure or anharmonic and nuclear
quantum effects, as found for other hydrides [35–38]. We
also considered the effects of magnetic properties on the ener-
getics. DFT and DFT+U calculations indicate any magnetic
states have small magnetic moments with energies lowered by
less than 1 meV/atom, i.e., negligible compared to ambient
temperatures.

Figure 4 further illustrates the electronic properties near
EF of Lu8H23N (A) with DFT-PBE+U. The integrated local
density of states (ILDOS) around the Fermi energy shows
that the conduction states are composed of octahedral hy-
drogen and N states, with nontrivial contributions from the
tetrahedral hydrogen. A “metallic hydrogen” network forms
in the ILDOS (sliced three ways for illustrative purposes)
with mostly localized N states; smaller and larger rings of
octahedral and tetrahedral hydrogen are also observed. We
also plot the electron localization function (ELF) [39,40] and
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FIG. 4. Calculated local bonding and electronic properties for
Lu8H23N (A), with DFT+U, U on Lud of 8.2 eV. (a) Integrated local
density of states (ILDOS), integrated ±5 meV from EF . (b) The ELF,
illustrating the formation of the hydrogen bonding network. (c) Fermi
surface (FS).

find that the hydrogen ELF spheres begin to overlap at an
isovalue of 0.51. While this hydrogen network has larger H-H
distances of 2.15 Å that are larger than hydrides with highest
Tc (0.9–1.35 Å) [13–16,36], the critical ELF isovalue of 0.51
is near that of LaH10 (0.45) [41], and belongs to the bonding
class identified [41] as “weak H interactions” which has the
highest Tc’s and EPC. Use of the correlation between ELF and
Tc [41] gives a critical temperature in the 120 K range for this
structure with the Quantum Espresso projections. Using max-
imally localized Wannier function [42] projections (Figs. S16
and S17), the networking-value Tc estimate [41] rises to 180 K
with U and only drops to 165 K without U. The large super-
cells here preclude complete (e.g., Eliashberg) calculation of
Tc given our limited computational resources. In addition, cal-
culation of EPC for DFT+U is not implemented in the EPW
code [43]. The EPC enhancement from vHs and flat bands
at EF found for other high-Tc superconductors [8,9,12] com-
bined with the known large EPC of FCC RH3 [27] suggests
that the band structure characteristics of Lu8H23−xN phases
predicted here support the existence of strong EPC (and thus
very high Tc). The vHs peak of structure A near EF is sharper
than that of other high-Tc hydride superconductors (Fig. S19),
with U enhancing this effect.

We briefly comment on the topological character of band
structures found for these LuH3−xNy phases. We first con-
firm that Fm3m LuH3 has vHs and Dirac cones near EF

and is thus a potential Dirac semimetal, in agreement with
recent calculations of Sufyan and Larsson [29]. The incor-
poration of N to form Lu8H23N (A) shifts those topological
features of LuH3 2 eV above EF (see Fig. S7). The Fermi
surface of Lu8H23N (A) (Fig. 4) clearly shows flat band

regions and conelike regions. The flat bands of Lu8H23N
(A) are intersected by other bands (Figs. 2, S10, and S18),
which can result in nontrivial topology for the bands (such
as a nonzero Chern number). This is a necessary ingredi-
ent for flat-band superconductivity with nonzero superfluid
weight [44,45]. As spin-orbit coupling (SOC) can have non-
trivial effects on the electronic structure, we note its effects
on LuH3 primarily gaps the Dirac cones above EF [29] but
does not change the Fermi surface. We find that including
SOC had negligible effects on the properties of structure A
(Fig. S20), and so we do not consider SOC effects in more
depth here. The results are consistent with a recent study of
Lu4H11N which indicated that SOC led to band splitting but
did not appreciably affect the Fermi surface [46]. The band
structures found for these LuH3−xNy phases also have inter-
esting parallels with the flat bands predicted for certain dense
hydrogen structures of [47]. Nearly flat bands can emerge
in multiband tight-binding models [48,49] due to geometric
hybridization effects on idealized Kagome, Lieb, and checker-
board lattices [50]. These structures all share the trait of being
highly symmetric, like those considered here. The nearly flat
bands of Lu8H23N (A) (Figs. 2 and S10) likely arise from
the relative phases of the hopping parameter, and are further
flattened with DFT+U (Fig. S18).

Finally, our results have important implications for experi-
mental studies of the reported near-ambient superconductivity
in the Lu-H-N system [1]. The sensitivity of the elec-
tronic properties in Lu8H23−xN based phases to nitrogen and
hydrogen-vacancy ordering suggests that emergent phenom-
ena will be highly dependent on sample preparation and
annealing. In addition, our calculated diffraction patterns
should help guide experimental studies of the crystal struc-
ture (Fig. S6). We also note that the temperature dependence
of the electrical resistance reported for Lu-H-N samples [1]
shows striking parallels to anomalous resistivity curves docu-
mented many years ago for other substoichiometric lanthanide
trihydrides (LnH3−x) across their metal-insulator transi-
tions [51,52] (Fig. S14), where the electrical conductivity has
been shown to be strongly dependent on hydrogen-vacancy
ordering [53].

In summary, we have identified classes of structures, sto-
ichiometries, and hydrogen-vacancy ordering schemes for
Lu-H-N with remarkable electronic properties. Our study
predicts structures in the Lu-H-N system that match the ex-
perimental data [1] with electronic properties amenable to
superconductivity, for which there is additional evidence from
recently reported electrical resistance measurements [54]. We
predict that structures A–D have predominantly hydrogen
states at EF and that strong correlations in structure A enhance
the flat band character at EF , which in turn is expected to en-
hance EPC [8,9]. We also predict that the proposed structures
will exhibit interesting correlated physics, in addition to their
potential for superconductivity, due to their flat bands at EF .
One of our goals was to inspire further theoretical and experi-
mental work guided by the class of Lu-N-H structures we have
found. Indeed, recent theoretical investigations [46,55,56]
also reported sharp DOS peaks near EF for structures similar
to those studied here (i.e., with N in octahedral sites). With
the method used to estimate Tc in Refs. [46,56], we find
a Tc of 200 K for structure A. Moreover, recently reported
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angle-resolved photoemission measurements [57] appear to
confirm the remarkably flat bands and sharp vHs near EF that
we calculate and support the class of structures we predict for
the material. Further tests of our predictions await detailed
single-crystal x-ray and neutron diffraction and additional
electron and x-ray spectroscopic measurements.
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