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Since the discovery of superconductivity, the realization of room-temperature superconductivity has been
the long dream of mankind. Recently, it has been reported that nitrogen-doped lutetium hydride has room-
temperature superconductivity at near-ambient conditions. However, there is no solid evidence of such tantalizing
superconductivity in nitrogen-doped lutetium hydride synthesized by follow-up experiments. The compositions
and crystal structures of the nitrogen-doped lutetium hydride are still unclear. Therefore, we here systematically
study the structural stability and electronic properties of Fm3m LuH; and N-doped Fm3m LuHj, such as 1,
2, 3, 4, and 8% N, by first-principles calculations. Our further electronic properties calculations show that
all the simulated Lu-N-H ternary compounds are metallic, except for a semiconducting phase of LusH;;N
(LuH; 75N 25). Remarkably, the contribution of the H atoms to the electronic density of states at the Fermi
level could be tuned by the increasing N concentration. Electron-phonon coupling calculations also show that
both Fm3m LuH; and Pm3m LuyH[ N are superconducting with critical temperature 7,’s of 23 and 32 K
at 24 and 60 GPa, respectively. Our current results suggest that LuH; and N-doped LuH; could be potential
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superconductors only at high pressure, while the estimated 7. values are much lower than room temperature.

DOI: 10.1103/PhysRevResearch.5.043238

I. INTRODUCTION

Hunting room-temperature superconductivity has been the
goal of scientists since the discovery of superconductivity
at ~4 K for Hg [1]. In the past decade, hydrogen-
based compounds have emerged as promising candidates for
high-temperature superconductors [2-26]. Among them, the
predicted cubic H3S was synthesized and confirmed to have
a very high 7; of 203 K at 155 GPa [13,14]. Later, many
other binary hydrides such as CaHg (210-215 K at 160-
172 GPa) [15,16] and LaH;y (250 K at 170 GPa) [17] have
been measured with 7, > 200 K [18-21]. Very recently, a
series of ternary alloy hydrides has also been synthesized, in-
cluding La-Y-H [22,23], La-Ce-H [24,25], and La-Be-H [26]
compounds, which possess comparable 7;’s and lower stable
pressures compared with those of similar binary hydrides.

Experimenters claimed that the N-doped lutetium hydride
has a T, of ~ 294 K at only 1 GPa [27]. The reported T
is surprisingly high, close to room temperature, while the

*gaoguoying @ysu.edu.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2023/5(4)/043238(9) 043238-1

required pressure is several orders of magnitude lower than
previously demonstrated for hydrides [15-26], close to near-
ambient pressure. Subsequently, numerous experimental and
theoretical studies on Lu-H and Lu-N-H systems were con-
tinuously reported [28—49]. In experiment, binary LuH; and
Luy4H,;3 are reported to be superconducting with 7, of 12.4
and 71 K at very high pressures of 122 and 218 GPa, respec-
tively [28,29]. Shan et al. [30] observed a color change in the
LuH, sample, but no superconductivity was found >1.5 K.
For the ternary Lu-N-H system, Cai et al. [31] prepared a
sample from the lutetium foil and H, /N, gas mixture and
performed high-pressure resistance and magnetic susceptibil-
ity measurements, but no superconductivity was found. Using
different preparations from Ref. [31], two independent groups
synthesized Lu-N-H samples and concluded that there is no
superconductivity at pressures up to 50.5 GPa and tempera-
tures down to 1.8 K [32-34].

In theory, Fm3m LuHj is calculated to be dynamically
unstable at ambient pressure within harmonic approximation,
while it can be stabilized at 0 GPa (T > 200 K) or 6 GPa
(T > 80 K) when temperature and quantum anharmonic
lattice effects are included [36,37]. Within the Migdal-
Eliashberg formalism, using temperature- and quantum-
anharmonically corrected phonon dispersions, the calcu-
lated 7. for Fm3m LuH; is ~50—60 K (at 2.8 GPa
and 300 K) and 19 K (at 6 GPa and 300 K) [36,37],
respectively. Through structural searches, only Lu4N,Hs
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is predicted to be thermodynamically stable [38—43],
but with an estimated 7, of ~0 at 5 GPa [38]. Us-
ing the virtual crystal approximation method, several
Lu-N-H unstoichiometries have been studied [43], with the
highest 7, of 22 K obtained with 1% N-doping at 30 GPa.
With the supercell method, some Lu-N-H stoichiometries,
LusH,,Nj5—,, and LugH,3_,N have been built by doping ni-
trogen in Fm3m LuH; [43-47]. However, the full Brillouin
zone (BZ) electron-phonon coupling (EPC) calculations have
been performed only for LuyH,N (LuHNps) and LusH;oN;
(LuH; 5Ny 5), which are estimated to possess 7.’s of 0.2 and
27 K at 0 and 50 GPa, respectively [43]. Until now, the crystal
structures and electronic properties of different N concentra-
tions doped in Fm3m LuH; and their relationships with the
parent Fm3m LuHj; have not been systematically investigated,
especially over a wider range of N-doping concentrations
rather than a narrower range, or a single concentration.

In this paper, we obtained hitherto unknown LusH;;N,
LugH23N, Lu12H35N, Lu16H47N, and Lu32H95N stoichiome-
tries using supercell method by doping N in cubic Fm3m
LuHj3 as well as the further in-depth investigation of the in-
fluence for different doping concentrations on their structural
stability and electronic properties based on first-principles
calculations. We found that the calculated x-ray diffraction
(XRD) patterns of Pm3m LugH N, P4/mmm—1 Lu;sHy7N,
P43m LusHosN, and Pm3m Lus;HosN show good agreement
with experimental results [27] for the principal diffraction
peaks. Furthermore, Fm3m LuH; and Pm3m LugH N are dy-
namically stable at pressures >24 and 60 GPa, with predicted
T.’s of 23 and 32 K, respectively, which is far lower than
that reported in experiment with implication of the observed
room-temperature superconductivity unlikely.

II. COMPUTATIONAL DETAILS

The structural relaxations and electronic properties were
performed using the Vienna ab initio simulation pack-
age based on density functional theory (DFT) with the
Perdew-Burke-Ernzerhof generalized gradient approxima-
tion [48,49]. The ion-electron interaction was described
by projector augmented-wave (PAW) potentials, where 1s',
4f145525p%5d" 652, and 2s% 2p° configurations were treated
as valence electrons for H, Lu, and N atoms, respectively
[50]. The plane-wave kinetic energy cutoff was set to 800 eV,
and corresponding Monkhorst-Pack (MP) k-point meshes for
different structures were adopted to ensure that the enthalpy
converges to several millelectronvolts per atom. Furthermore,
the Heyd-Scuseria-Ernzerhof (HSE) [51] functional was em-
ployed for Fm3m LuH;. We used DFT and DFT+U [52,53]
(with U= 5.5 eV) to calculate the lattice parameters of Fm3m
LuH; at low pressures, and the results are shown in Fig. S1
in the Supplemental Material (SM) [54]. The DFT results
without the Hubbard U effect are close to the experimental
data [55]. Therefore, the DFT-level calculations of LuH; and
Lu-N-H compounds were used. In addition, we calculated
the lattice parameters of Fm3m LuH3 and Pm3m LusNH;,
with and without spin-orbit coupling (SOC) at 60 GPa, re-
spectively. As shown in Table S1 in the SM [54], the lattice
structures were not altered by considering SOC effects. SPAP
[56] was employed to analyze symmetries, compare similari-

ties of large numbers of crystal structures, and automatically
classify the structures into groups. The reference phases to
compute the enthalpy difference diagram are consistent with
The Material Project, which uses the P3cl phase for LuH3;,
the Fm3m phase for LuH,, the Fm3m phase for LuN, and
the P2,3 and P2,2,2; phases for NH3. Phonon calculations
were performed by using PHONOPY [57] or QUANTUM
ESPRESSO code [58]. EPC calculations were carried out
through QUANTUM ESPRESSO, using PAW pseudopoten-
tials for all atoms. The kinetic energy cutoff adopted 75
Ry, and 6x6x6 and 9x9x9 g-point meshes in the first BZ
were used for Pm3m Luy;NH;; and Fm3m LuHj;, respec-
tively. Correspondingly, we chose MP grids of 24 x24 x 24 and
36x36x36 to ensure k-point sampling convergence.

III. RESULTS AND DISCUSSION

As the low nitrogen-doped Lu-H system is reported in
the room-temperature superconductivity experiment, here,
we set up different Lu-N-H stoichiometries to mimic
the experimental sample using the supercell method.
Based on a conventional cell of Fm3m LuHj, includ-
ing 4 f.u., we first built different sizes of supercells, and
then a nitrogen atom replaced a hydrogen atom at any
site in each supercell. Five different Lu-N-H stoichiome-
tries LugHy N (LuH>75No2s), LugHosN (LuHz875No.125),
Lui2H35N (LuH3.917No.083), Lui6Ha7N(LuH2.9375N¢.0625), and
Lus;HgsN (LuH;.96875No.03125) were obtained corresponding
to N concentrations of 8, 4, 3, 2, and 1%, respectively. Two
different structures are obtained for each stoichiometry by the
SPAP procedure or by exhaustive enumeration (Table S2 in
the SM [54]). The P4/mmm or Pm3m structure and P42m
or P43m structure are obtained by replacing one hydrogen
atom located in the octahedral or tetrahedral site of Fm3m
LuHj; supercells with one nitrogen atom, respectively. As a re-
sult, the P43m and Pm3m, P4/mmm and P42m, P4/mmm and
P42m, P4/mmm and P42m, and P43m and Pm3m structures
are obtained for LuyH;;N, LugH»3N, Lu;pH3sN, LujgHa7N,
and Lus;HosN, respectively. The crystal structures for differ-
ent stoichiometries are shown in Figs. 1 and S2 in the SM [54].
Detailed information on the structural parameters is listed in
Table S3 in the SM [54]. In addition, the ambient-pressure
P3c1 and high-pressure Fm3m structures for LuHj are listed
in Fig. 1.

As for the thermodynamic stability of our simulated struc-
tures, the relative enthalpies with respect to the known binary
compounds and the corresponding elemental solid are pre-
sented in Figs. 2 and S3 in the SM [54]. As a result, these
structures are thermodynamically metastable at the considered
pressure range. For LuyH (N, P43m is enthalpically stable
<75 GPa, above which Pm3m becomes stable [Fig. 2(a)].
For LugHxN, the P42m structure is more enthalpically ad-
vantageous than the Cmmm structure proposed by Denchfield
et al. [45] at pressures <12 GPa [Fig. 2(b)]. As the pressure
increases, the Cmmm structure becomes stable. For Lu;,H3sN
and Lu;¢Hy7N, the P42m structure is lower in enthalpy once
the pressure is <31 and 20 GPa, respectively, and then the
P4/mmm phase becomes lower. For Lus;HgsN, the intersec-
tions of the enthalpy-pressure curves of different structures
in Fig. 2(d) show that the phase transition pressure from the
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Fm3m LuH, P3c1 LuH,

P43m Lu,H,;)N

Pm3mLuH,N

FIG. 1. The crystal structures of binary LuH; and ternary Lu-N-H hydrides. Green, pink, and purple balls represent Lu, H, and N atoms,

respectively.

Pm3m to the P43m structure is 11 GPa. For LuH3, the phase
transition from the P3c1 to the Fm3m structure is calculated
to occur at 26 GPa (Fig. S3(a) in the SM [54]), which is in
good agreement with the previously theoretical result of 25
GPa [36] and the experimental result of 26.2 GPa [47].

We also investigated the dynamical stability of LuH3 and
the ternary Lu-N-H hydrides by calculating their phonon
spectra at the level of harmonic theory. As shown in Figs. 3
and S4 in the SM [54], the lack of imaginary frequencies
in the calculated phonon dispersion curves indicates that all
structures are dynamically stable at the corresponding pres-
sures. Moreover, these Lu-N-H hydrides can be dynamically
stable to 100 GPa, as shown in Fig. S5 in the SM [54].
We give the minimum dynamically stable pressures of Lu-
N-H hydrides as a function of N-doping concentration, as
shown in Fig. S6 in the SM [54]. We find that the min-
imum dynamically stable pressures are much lower for N
concentrations between 2 and 4%, and N concentration of
3% has the lowest dynamically stable pressure of 10 GPa.
Comparing with the results of Huo er al. [43] by the vir-
tual crystal approximation method, our calculated minimum
dynamically stable pressure for Lu-N-H compounds by the
supercell method does not increase monotonically with the
increasing N concentration in the pressure range we studied.
Notably, as demonstrated for some hydrogen-rich compounds,
anharmonicity and the quantum motion of ions, which are also
neglected in the harmonic phonon calculations of the Born-
Oppenheimer approximation, could have significant effects
[60—63]. Some studies have demonstrated that Fm3m LuH;

can be dynamically stable at 0 GPa (7>200 K) or 6 GPa
(T>80 K) when temperature and quantum anharmonic lattice
effects are included [36,37]. Thus, anharmonic and temper-
ature effects may reduce the dynamically stable pressure of
N-doped LuHs, but it is unlikely to alter the conclusion of this
paper.

We further calculated the XRD patterns for these
Lu-N-H compounds. Figures 4 and S7 in the SM [54] show
a comparison of the experimental and calculated XRD pat-
terns. The simulated principal diffraction peaks of Pm3m
LU4H11N, P4/mmm—1 Lu16H47N, P213m LU32H95N, and
Pm3m Lu3z;HosN are in good agreement with those observed
in experiment [27]. In addition, the intensity ratio between the
first and second principle peaks of P4/mmm—1 LujcHy7N is
much closer to the experimental results. These results indicate
that our simulated structures could be the microstructure of the
sample observed in experiment.

To investigate the metallic properties as observed in ex-
periment, the electronic band structures and density of states
(DOS) for Fm3m LuH; and Pm3m LusH| N as well as for
other Lu-N-H compounds are calculated, as shown in Figs. 5,
6, and Fig. S10 in the SM [54]. In the electronic band struc-
tures, both Fm3m LuH; and Pm3m LuyH{|N have energy
bands that cross the Fermi level, revealing the metallic feature
of these simulated structures. The contributions from H to the
energy bands, especially at the Fermi level, are more obvious
when N is introduced into the LuHj lattice. Considering the
different functionals and SOC might play a role in electronic
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FIG. 2. Enthalpy curves per atom as a function of pressure for (a) LusH; N, (b) LugHx;N, (c) Lu;gHy7N, and (d) Lus,HosN, respectively.
The following structures were considered for the known binary compounds and the corresponding elemental solid: P3¢1 and Fm3m for LuH;
[28], Fm3m for LuH,, Fm3m for LuN, P2,3 and P2,2,2, for NH;, and P63 /m for H, [59].

properties of Fm3m LuH3 and Pm3m LuyH||N, we studied
the effects of the HSE functional and SOC on their electronic
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FIG. 3. Phonon dispersion relations for (a) P4/mmm LugHy3N,
(b) P4/mmm LU12H35N, (C) P4/mmm-2 Lu16H47N, and (d) P4_13m

LU32H95N.
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band structures at 60 GPa. The calculated band structures
for Fm3m LuH; with HSE suggest the metallic feature as
well, as shown in Fig. S8 in the SM [54]. In addition, the
shapes of the electronic band structures for Fm3m LuH3 and
Pm3m LugH; N with and without SOC are similar, except
for the energy bands split by SOC, as expected (Fig. S9 in
the SM [54]). Therefore, both LuH3 and LusH;;N are metal
with or without SOC. In Figs. 6 and S10 in the SM [54], the
calculated projected DOS shows the presence of electronic
states at the Fermi level except P43m LusH N, indicating
that these hydrides are all metallic in the range of pressures
studied. For Fm3m LuH3, the Lu atoms contribute mainly to
the total DOS at the Fermi level and a very small contribution
from the H atoms, indicating unfavorable to high-temperature
superconductivity, as shown for many binary hydrides such as
NbH,, ScHj [64,65]. With the incorporation of an N atom,
the contribution of H atoms to the DOS at the Fermi level
increases significantly for Pm3m LugH;|N, by comparing
with Fm3m LuH3. As the N concentration increases from 1 to
8%, the contribution of the H atoms to the electronic DOS at
the Fermi level tends to increase nearly fourfold, suggesting
that the superconducting transition temperature might also
increase at the studied 60 GPa.

Due to the metallic feature of pure and N-doped LuHj3, we
then explore their superconducting properties within the cor-
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FIG. 4. Simulated XRD patterns compared with the experimen-
tal results reported by Dasenbrock-Gammon et al. [27] for Pm3m
LU32H95N, P4/mmm—1 LU16H47N, PZLZm LU12H35N, P4d/mmm
LugH»;N, and Pm3m LuyH;N. The small peaks of experimentally
measured XRD might be from other possible compounds of LuN +
LU203.

responding dynamically stable pressure range. For the ternary
Lu-N-H stoichiometries, we take Pm3m LusH;;N as a repre-
sentative example since its hydrogen atoms contribute most to
the electronic DOS at the Fermi level. We then calculated the
EPC parameter A, phonon frequency logarithmic average woq,
and the superconducting critical temperature 7, for Fm3m
LuH; and Pm3m LugH(|N at 60 GPa, respectively (Table I).
The T, values were calculated by the Allen-Dynes modified
McMillan equation [66] with p* of 0.1-0.13. According to
our calculations, the calculated EPC parameter A and phonon
frequency logarithmic average wioe of Fm3m LuHj is 0.96 and
340 K at 24 GPa, resulting in a T, of 23 K with u* = 0.1,
which agrees with the other theoretical results of 16 K [43].
When the pressure increases from 24 to 60 GPa, the calculated

1 | (b)3 |
| | ~ |
| | >2" |
V] YA/
| | gﬁ 1 |
o] L0 T e
| | Q=)1 1 | |
| | -1 T |
1 | = | |
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| | -3 |
1 1 1 ——
w L r X WK X R M r R

FIG. 5. Calculated electronic band structures of Fm3m LuH; and
Pm3m LugH; N at 24 and 60 GPa, respectively. The atomic contri-
butions of H and N to bands are also displayed in the band structures.

A for Fm3m LuH; decreases from 0.96 to 0.41, whereas WDlog
increases from 340 to 645 K. As a result of these two effects,
the calculated 7, decreases from 23 to 3.2 K, assuming p* =
0.1. For Pm3m LusH N, it has EPC interactions with A of
3.16 and wje, of 176 K at 60 GPa. The T value was estimated
to be 32 K with u* = 0.1. The 7, value of Pm3m LusH; (N is
10 times larger than that of Fm3m LuHj; at 60 GPa, which is
also consistent with the electronic DOS contribution from the
H atoms. We also calculated the superconducting properties
of Fm3m LuH; under higher pressure and estimated its 7, to
be 0.2 K at 120 GPa, which is much lower than the experi-
mentally measured 12.4 K under the conditions of 122 GPa
and 300 K [28]. This discrepancy between theory and exper-
iment might be partly attributed to quantum anharmonic and
temperature effects. Two other theoretical results also show
that 7, will increase to 19 and 50-60 K when the pressure
decreases to 6 and 2.8 GPa at 300 K, respectively.

To understand the origin of the EPC, we calculated their
phonon spectra, projected phonon DOS, Eliashberg phonon
spectral function «’F (w)/w, and integral A(w). As shown in
Fig. 7, for Fm3m LuH3, the contribution to A of the vibrations
related to Lu atoms is lower than that of vibrations related to
H atoms at 60 GPa. When the N atom is introduced, in Pm3m
LusH| N, the vibrations related to Lu atoms in the range of
1-6 THz contribute the most to A, accounting for 67% of
the total value, while the contribution related to vibrations of
N atoms in the range of 14—17 THz accounts for 17% of the

TABLE L. The calculated EPC parameter A, phonon frequency logarithmic average wiog, and critical temperature 7. (i *= 0.1 — 0.13) from
the Allen-Dynes modified McMillan equation for Fm3m LuHz and Pm3m LusH; N.

Phase P (GPa) A Wiog (K) T. (K) u* = 0.1 — 0.13, McMillan
LuH; (Fm3m) 24 0.96 340 23-20
LuH; (Fm3m) 60 0.41 645 3.2-15
LuH; (Fm3m) 120 0.29 682 0.20-0.03
LusH, N (Pm3m) 60 3.16 176 32-31
LuH; (Fm3m) [38] 0 1.70 17.6 (meV) 25.4 (u*=0.1)
LuH; (Fm3m) [43] 25 0.82 328 16-13
LuH; (Fm3m) [43] 50 0.44 667 42
LuH; (Fm3m) [37] 6 (300 K) — — 19 (Eliashberg)
LuH; (Fm3m) [36] 2.8 (300 K) 1.7 — 50-60 (Eliashberg)
LuH; (Fm3m) [28] 122 — — 12.4 (Exp.)
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FIG. 6. Calculated electronic density of states for Lu-N-H com-
pounds at 60 GPa.

total value. Interestingly, doping by nitrogen atoms at 8% con-
centration increases A from 0.41 to a remarkable value of 3.16.
Thus, the increase in 7, of N-doped LuHj3 is mainly caused
by an increase in the A value. These results indicate that the
N doping could significantly alter the electrical behavior of
the Lu-H system, which might explain the electrical drop
behavior of the sample in experiment owing to the change of
N-doped concentration.

IV. CONCLUSIONS

We systematically explored the structural stability and
electronic properties of pure and N-doped LuH3 under pres-
sure based on first-principles calculations. The results show
that all the Lu-N-H compounds can be dynamically sta-
ble at certain pressures. Among them, P42m Lu;,H3sN
(LuH3.917Np083) can be dynamically stable at a pressure
as low as 10 GPa. The calculated XRD patterns of Pm3m
LU4H11N, P4/mmm—1 LU.16H47N, P213m LU.32H95N, and
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FIG. 7. Calculated phonon dispersion curves [red circle area pro-
portional to associated EPC], PDOS, the Eliashberg phonon spectral
function o’F (w)/w, and its integral A(w) of (a) Fm3m LuH;3 and
(b) Pm3m LugH; N at 60 GPa, respectively.

Pm3m Lus;HosN are in good agreement with experimental
results for the principal diffraction peaks. Electronic proper-
ties calculations reveal that all the Lu-N-H compounds are
metallic, except that P43mLugH; N (LuH, 75Ng»5) is a semi-
conducting phase. As the N concentration increases from 1
to 8%, the contribution of the H atoms to the electronic DOS
at the Fermi level tends to increase. Here, Fm3m LuH; and
Pm3m LuyH||N are dynamically stable at pressures as low
as 24 and 60 GPa, with the estimated 7.’s of 23 and 32 K,
respectively. Also, Fm3m LuH; and N-doped Fm3m LuH;
can both be superconducting phases only at high pressure, but
the estimated 7, values are still far lower than reported room
temperature, indicating the unreliability of the experimental
results.
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