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We present a computational investigation into the effects of chemical doping with 15 different elements
on phase stability and superconductivity in the LaH,, structure. Most doping elements were found to in-
duce softening of phonon modes, enhancing electron-phonon coupling and improving critical superconducting
temperature while weakening dynamical stability. Unlike these dopants, Ce was found to extend the range
of dynamical stability for LaH;, by eliminating the Van Hove singularity near the Fermi level. The doped
compound, Lag 75Ce25H;9, maintains high-temperature superconductivity. We also demonstrate that different
Ce doping configurations in the LaH;, structure have a minimal effect on energetic stability and electron-phonon
coupling strength. Our findings suggest that Ce is a promising dopant to stabilize LaH,, at lower pressures while

preserving its high-temperature superconductivity.
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Introduction. In recent years, it has been experimentally
observed that H-rich compounds can exhibit high-temperature
superconductivity (HTS) under high pressure, such as H3S
(T; = 203K at 155 GPa [1]), LaH;o (~250K at 170 GPa [2];
~260 K at 180-200 GPa [3]), CaH¢ (215 K at 172 GPa [4,5]),
CeHjp (115 K at 95 GPa [6]), CeHy (~100K at 130 GPa [6]),
(LaCe)Hy (148-178 K at 97-172 GPa [7,8]), YHg (243 K at
201 GPa [9-11]), YHe (~220K at 183 GPa [9]), (LaY)H)o
(253 K at 183 GPa [12]) and LaBeHg (110 K at 80 GPa
[13]). These discoveries have set a milestone in approaching
the room-temperature superconductivity [14—19]. At the same
time, the pressure required to stabilize these compounds is still
too extreme for practical applications.

The search of binary hydrides [20,21] has shown diverse
structures and chemistry in these compounds, which provide
a broad platform to optimize the energetic stability and super-
conductivities. Compared with the binary phases, the ternary
phases have a much broader configurational space, thereby of-
fering more possibility for HTS at lower pressures [22]. It has
been proposed that replacing H with small-radius elements
(such as Be, B, C, N, and Si) can lower the required high
pressures in the hydrides [23]. For instance, KB,Hg (134—
146 K at 12 GPa [24]), BaSiHg (71 K at 3 GPa [25]), LaBHg
(126 K at 50 GPa [26]), KPb(BC)4 (88 K at ambient pressure
[27]), Al,(BN)g (72 K at ambient pressure [28]), etc. While
these dopants extend the pressure range of the stability, their
superconducting temperature is simultaneously reduced.

Since the superconductivity in hydrides is mainly due to H,
doping on the metal site is likely to maintain its superconduc-
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tivity. Recently, high-throughput screening in the MgB,-like
systems shows that the doping on the metal site can effectively
improve the stability and maintain the superconductivity [29].
Metals from the same family share similar characteristics,
allowing them to be combined into disordered solid mixtures.
This property allows us to use binary compounds as founda-
tional blueprints for crafting ternary alloy superhydrides from
the original crystal structure [30-33]. LaH;(, with the highest
T, among experimentally synthesized superconductors, is a
potential parent structure for doping to manipulate its HTS
and pressure-dependent stability.

In this Letter, based on first-principles calculations, we
investigate the effects of chemical doping on phase stability
and superconductivity in the LaH,( structure. A total of 15
elements are selected as dopants: K, Rb, Cs, Ca, Sr, Ba, Sc, Y,
Ti, Zr, Hf, In, T1, Ce, and Lu. The first 13 elements are more
likely to donate electrons to H atoms to enhance the stability
of the H cage framework, and the strong correlation effect
caused by d electrons is not significant [21]. Ce and Lu have
also been theoretically predicted to have good superconduct-
ing potential [34,35]. We will use the Lag 75 Mg 2sHj9 model to
examine their dynamical stability and superconductivity under
high pressure.

Stability calculations. The Lag75Mos5Ho structure was
constructed by replacing one La atom with M metal (M =
K, Rb, Cs, Ca, Sr, Ba, Sc, Y, Ti, Zr, Hf, Ce, Lu, In, TI)
in the conventional cell [four formula units (f.u.)] shown in
Fig. 1(a). This results in a symmetry reduction to Pm — 3m.
Structure relaxations and electronic properties were carried
out using the Perdew-Burke-Ernzerhof (PBE) [36] functional
in the framework of the projector augmented wave (PAW)
method [37] as implemented in the VASP code [38]. The con-
figurations of valence electrons used in the PAW method are

©2023 American Physical Society
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FIG. 1.
phases at 400, 250, and 200 GPa.

shown for these elements in Table S1 of the Supplemental
Material [39]. A plane-wave basis set with an energy cutoff of
500 eV and uniform I'-centered k-point grids with a density of
27 % 0.025 A~! were employed in the self-consistent calcula-
tions and structure relaxations. The structures were optimized
until the maximum energy and force were less than 1072 eV
and 1 meV/ A, respectively.

To investigate the dynamical stability, we used the finite
displacement method by constructing a supercell with ~352
atoms and uniform I'-centered k-point grids with a density of
277 % 0.025 A~!. The second-order force constant extraction
and the harmonic phonon dispersion relationship calcula-
tion were performed with PHONOPY code [40]. We employed
quasiharmonic approximation (QHA) to explore the finite
temperature thermodynamics.

Electron-phonon coupling calculations. Harmonic phonon
dispersion and electron-phonon coupling (EPC) were calcu-
lated within the density functional perturbation theory (DFPT)
[41], as implemented in the QUANTUM ESPRESSO package
[42,43]. Ultrasoft pseudopotentials [44] with PBE functional
were used with a kinetic energy cutoff of 80 Ry and a charge
density cutoff of 800 Ry. The valence electron configura-
tions used in USPP were the same as in the PAW potential,
so the calculations performed with QUANTUM ESPRESSO and
VASP were consistent. Self-consistent electron density and
EPC were calculated by employing 8 x 8 x 8 k-point meshes
and 4 x 4 x 4 g-point meshes. A dense 16 x 16 x 16 k-point
mesh was used for evaluating the electron-phonon interaction
matrix.

The main input element to the Eliashberg equations is the
Eliashberg spectral equation o> F (w) defined as [45,46]

yqv
hawg,

@’F () = 3w — wyy).

27N (Er) 4 1

where N(Ef) is the states at the Fermi level Er and wg,
represents the phonon frequency of the mode v with wave
vector g. The phonon linewidth y,,, which is the imaginary
part of the phonon self-energy, is defined as
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(a) Structure of Lag75Mo2sHi9, M = K, Rb, Cs, Ca, Sr, Ba, Sc, Y, La, Ti, Zr, Hf, In, T1, Ce, Lu. (b) Dynamic stability of all doped

gk is the EPC matrix element, and Qg is the volume of
the Br1110u1n zone (BZ). The EPC constant is calculated by

2
F
=2/ ¢ (w)dw
0 w

We chose the Gaussian smearing width of 0.02-0.03 Ry
based on the convergence test in Supplemental Material Note
1 [39]. T, was first estimated using the McMillan-Allen-Dynes
(MAD) formula [45,46] with Coulomb pseudopotential u* =

0.13 [47,48],
S1fawrog 1.04(1 + 2)
= ———exp| — ,
A — u*(140.621)
where f; and f, are two separate correction factors [45],

W)
which are functions of A, wig, @2, and p*. The logarithmic
average frequency wy,, is computed as

2 [ a?F(w)
Wipg = €Xp| — Inwdw ).
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Migdal-Eliashberg approach. The thermodynamic proper-
ties of superconducting ternary Lag75sMg25Hjo hydrides were
also estimated using the Migdal-Eliashberg (ME) approach
due to the strong electron-phonon coupling constants ob-
served in these systems. The isotropic Eliashberg equations
defined on the imaginary-frequency axis, which incorporate
the superconducting order parameter function ¢, = ¢(iw,)
and the electron mass renormalization function Z, = Z(iw,,),
take the following form [49,50]:
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where 8 = 1/kgT, and the electron-phonon interaction pair-
ing kernel is given by

Do = 2 / N 2
e 0 (a)n - wm)2 + w?

Hence, the superconducting order parameter was defined
by the ratio A, = ¢,/Z, and the superconducting transition
temperature 7, was estimated from the following relation:

o*F (w)dw. 8)
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FIG. 2. Superconducting energy gap as a function of temperature for Lag75MgsHjo at (a) 400 GPa, (b) 250 GPa, and (c) 200 GPa.

A (W, T =T,)=0. We used the same Coulomb pseu-
dopotential as the one used in MAD calculations, i.e., u* =
0.13. The Eliashberg equations were solved iteratively in a
self-consistent way with a maximal error of 107! between
two successive iterations. The convergence was controlled
by the sufficiently high number of Matsubara frequencies:
w, = (7r/B)(2n—1), where n =0, 1, £2,...,£M;, and
My = 1100 [51-53].

Phase stability. We first evaluate the dynamical stability
of ternary Lag75MgasHjo structures. Harmonic phonon dis-
persions were calculated for all 16 phases at 400, 250, and
200 GPa (see Supplemental Material Fig. S5 [39]). A phase
without any imaginary modes in the phonon spectrum is
marked as dynamically stable in Fig. 1(b). At 400 GPa, the
structure is stable with seven substitutions, i.e., Sr, Ba, Y, Zr,
Hf, Ce, and Lu. Y and Ce substitutions can maintain stability
when the pressure is reduced to 250 GPa. At 200 GPa, only
Lag75CegosH ¢ remains stable at the harmonic level. LaH;
becomes harmonic dynamically unstable below 230 GPa (see
Fig. S6). Therefore, Ce substitution can improve the stability
of LaH( and lower the pressure range of the stability. Our cal-
culations were based on the harmonic approximation, while
the anharmonic effect and the quantum nuclear effect (QNE)
were ignored. The anharmonic oscillations of the hydrogen
sublattice can contribute to the 7, and thermodynamic stability
of hydrides [54-57]. The calculations with QNE and anhar-
monic correction indicate the LaH;, can be stabilized as low
as ~130 GPa [54,58], similar to the experimental observation
at ~140 GPa [59]. Therefore, the pressure stability range
of present Lag75Ceo5Hjo is expected to expand further by
including anharmonic and QNE effects.

Given the harmonic dynamical stability, we evaluate the
thermodynamic stability of Lag 75Ceg25H;o. We calculated its
enthalpy on the ternary phase diagram at 200 GPa, as shown
in Fig. S2(a) [39]. The results show that the energy of the
Lag75Ceg2sHjo structure is only 1 meV/atom higher than
that of the convex hull. In addition, we also considered fi-
nite temperature thermodynamics (see Supplemental Material
Note 2 [39]) and found that Lagy75Ceg25Hig (Pm — 3m) has
promising thermodynamic stability up to 300 K.

Electron-phonon coupling and superconductivity. We cal-
culate the EPC constant A using the DFPT method and
Eliashberg theory for the dynamically stable structures at 400,
250, and 200 GPa. We first compute the superconducting
transition temperature (7;) by the MAD formula, presented in
Table 1. Due to the large A (>2) in these compounds, we also
employ Eliashberg formalism to investigate the impact of EPC
on the 7, and superconducting energy gap. The temperature-
dependent behavior of the superconducting energy gap A(T)
is computed by solving the ME equations in the mixed rep-
resentation (defined simultaneously on the imaginary and real
axis) [60,50]. The results are presented in Fig. 2, which il-
lustrates the calculated A(T) curves for dynamically stable
structures of Lag 75sMp25H;o at 400 GPa.

Based on A(T') results, we estimate 7, and compare it with
the MAD results in Table 1. 7; is found to be high for all
investigated cases and reaches the highest value of 276 K for
Lag75Zrg,5H;o at 400 GPa and 267 K for Lay75Y025H o at
250 GPa. The T; values of Lag75Mp25Ho predicted via the
MAD formula are consistently lower (underestimated) than

TABLE I. Superconducting critical temperature (7;) of dynami-
cally stable Lag 75Mg25Hio at 200, 250, and 400 GPa estimated using
Migdal-Eliashberg approach T, vz and MAD formula 7, pap.

P (GPa) Structure A T. me (K) T, map (K)
200 La0'75CeO‘25H10 308 246 209
250 LaH;, 2.53 256 220
Lag75Ceoos5Hio 1.83 215 186
Lag75Y0.25Hi0 3.16 267 208
400 LaH,, 1.41 207 174
LaoA75C60Az5H10 1.07 150 125
Lag75Y025H10 1.55 226 188
Lag.75Sr9.25Hio 1.69 231 186
Lag 75LugosHio 1.73 224 181
Lay75Hf25Hjo 2.32 263 190
Lag 75Zro2sHio 2.34 276 210
Lag 75Bag2sHio 2.34 269 178
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FIG. 3. Superconducting transition temperature (7.) with and
electron-phonon coupling constant A of stable Lag75sMg,s5Hjo struc-
tures at (a) 400 GPa, (b) 250 GPa, and (c) 200 GPa.

those obtained from the ME formalism, particularly for the
one with large X. This justifies the usage of the ME formalism:
we assumed an underestimation of 7. in the MAD method
using the strong coupling ME method. The obtained results
entirely confirm the assumption. The calculation of LaHjg
shows that A is 2.53 and 7, is 256 K at 250 GPa by the
ME equation. As a reference, the experimental 7, of LaH;g
was observed at ~250 K under 170-200 GPa. Therefore, our
calculation of 7, is consistent with the experimental data.
Below, we use T, from ME formalism for further analysis.

In Fig. 3(a), we found that substitution with Y, Sr, Lu,
Hf, Zr, and Ba all enhance the EPC constant and 7, at 400
GPa, while the substitution with Ce weakens them. Similarly,
at 250 GPa, A and T, increase with Y substitution while

decreasing with Ce substitution. At 200 GPa, the only stable
phase Lag75Ceg25sHjp remains a potential high-7, supercon-
ductor with 7, of 246 K and A of 3.08.

To understand the origin of the increased A and T by
doping, we use Lag 75sHf g 25H o as an example and compare its
phonon spectra to the LaH;¢ in Fig. 4. We find the substitution
of La with Hf induces significant softening of high-frequency
phonon modes. As shown in Fig. 4(a), with the Hf substitu-
tion, a few phonon modes appear in the low-frequency range
360 — 900cm ™!, while no phonon modes exist in the same
area for LaH,y. The H atoms dominate these phonon modes
(see the projected phonon density of states (DOS) in Fig. S7
[46]). Comparing the Eliashberg spectral function between
LaHlo and La0.75Hf0.25H|0 in FIgS 4(b) and 4(C), one can
see that the phonon softening at the range 360 — 900cm ™!
significantly promotes the EPC in this region. Similar en-
hancement of phonon linewidth in 360 — 900cm~! can be
found by comparing Figs. 4(d) and 4(e). If we integrate Eq. (3)
to w =900 cm~!, we find the contribution to A from fre-
quencies less than 900 cm~! is 0.18 and 1.01 for LaH;, and
Lag 7sHf25Hg, respectively. Therefore, the phonon soften-
ing in Lag7sHf2sH o significantly enhances the EPC. This
mechanism is also seen in other superconducting systems
[61-64]. The analysis of Lag7sHfg5H] illustrates that sub-
stituting La with Hf changes the bonding with H atoms and
softens vibrational modes. Such phonon softening enhances
the EPC and increases the A and 7, simultaneously. We also
analyzed the EPC for other dopants and found similar effects,
as shown in Fig. S8 and Table S2 [39], i.e., the substitution
of La leads to phonon softening, which contributes to strong
EPC in the middle- and low-frequency regions.

The effects of Ce. Ce is the only substitution that increases
the pressure range of LaH)( stability while maintaining the
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FIG. 4. (a) Phonon DOS of LaH,y and Lag;sHfy25H,¢ at 400 GPa. (b),(c) Eliashberg spectrum function o’F (@), and electron-phonon
coupling integral A(w) of LaH,o and Lag 75Hf25H; at 400GPa. (d),(e) Phonon spectrum of LaH,o and Lag7sHf25H;o at 400 GPa. The solid
circles show the EPC with the area proportional to the respective phonon linewidth.
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high-temperature superconductivity with a slight weakening
of the EPC in the harmonic approximation. To understand the
effect of Ce substitution on dynamic stability, we compare
the phonon spectrum between LaH and Lag75Ceg2sHjo at
200 GPa in Figs. 5(a) and 5(b). In LaH;o, the imaginary
frequency modes on the I'-X, I'-M, and I'-R paths are dom-
inated by the vibrations of hydrogen atoms. When Ce is
introduced, these modes become stiffer, and the imaginary
frequency disappears. In Figs. 5(c) and 5(d), we compare the
electronic band structure and density of states for LaH;o and
Lag75Cep25Hj0, respectively. LaH;y shows a flat band near
the Fermi level with eightfold degeneracy at the R point. This
caused a Van Hove singularity (VHS) in the density of states.
Ce substitution opens the gap at R and splits the degener-
ated bands. This removes the VHS and reduces the states at
the Fermi level. Correspondingly, the imaginary modes at R
disappear.

Moreover, additional bands contributed mainly by Ce
and H cross the Fermi level at I'-M and I'-R paths in
Lag 75Cep25sHjo. The bonding likely contributes to the hard-
ening of phonon modes. Based on the electronic density
of states, these Ce bands near the Fermi level are mostly
from 4f orbitals. Therefore, this indicates that the 4 f elec-
tron in Ce contributes significantly to the dynamic stability
of Lag75CegasHjo. To further validate this mechanism, we
computed the phonon spectrum of Lag75Ceg25Hjo with the
ultrasoft pseudopotential where Ce’s 4f electrons are re-
garded as core electrons. This ultrasoft pseudopotential leads
to charge transfer and the reappearance of imaginary modes

caused by the Ce — 4f electron as discussed in Supplemental
Material Note 3 [39]. The results suggest the strong effect of
Ce — 4f electrons in stabilizing the LaH,( at low pressures.
So far, the substitutional effect of Ce was only considered
with the Pm — 3m Lag75CegosH g structure. We further ex-
amine the stability of other Lag75CegsH;o polymorphs at
200 GPa. As shown in Fig. 6, we construct LaH;y super-
cells (88 atoms) by 2x2x2, 1 x1x8, and 1 x2 x4
and randomly replace La atoms with Ce atoms to generate
nine unique structures. Energy calculations show that these
structures all have similar enthalpy with differences less than
8 meV/atom. Harmonic phonon calculations shown in Fig. S9
[46] suggest that five phases are dynamically stable, which
is noted in Fig. 6. To explore the possible superconductivity
in these structures, we employ a recently developed frozen-
phonon method to compute the zone-center EPC strength for
stable structures. This efficient method can identify strong
EPC candidates in hydrides because the zone-center EPC
strongly correlates with the full Brillouin zone EPC in these
materials [65]. Using this method, we compute the zone-
center EPC, Ar, for five dynamically stable polymorphs. As
shown in Fig. 6, different structures show similar Ap as
the one of the Pm — 3m phase. Therefore, Ce occupation
in Lag75CeposHio does not affect its energetic stability and
EPC. To confirm the zone-center EPC calculations, we also
performed DFPT calculations of full Brillouin zone EPC for
the P4/mmm phase (see details in Fig. S10 [46]). We obtained
A of P4/mmm as 2.64, slightly smaller than the Pm — 3m
phase (A = 3.08). This is consistent with the zone-center EPC

L101801-5



ZEPENG WU et al.

PHYSICAL REVIEW MATERIALS 7, L101801 (2023)

I C2/m || Pmma L1 P21/m
i AH=-3meV/atom . | AH=+5meV/atom . |
t A =09 b i

' dynamically stable

i Pm-3m L1 14/mmm | P4/mmm ! 1 Cmmm :
' AH=0meV/atom | | AH=-2meV/atom | | AH=+5meV/atom | | AH=+3meV/atom |
LA =15 oA =14 LA =12 LU A =09 i
i dynamically stable___{ i dynamically stable___{ i dynamically stable___i i dynamically stable___!

P2/m I R-3m
AH = -1 meV/atom i

FIG. 6. The crystal structure, relative enthalpy AH, and zone-center EPC A of nine Laj75Ceg5H;o polymorphs at 200 GPa. The green

(yellow) polyhedron represents La-H (Ce-H) cages.

calculations. The 7, was estimated 215 K (with ME approach)
at 200 GPa, which is slightly smaller than the one of Pm — 3m
phase (246 K). Since these polymorphs have similar energy,
they may form a random solid solution in the experimental
synthesis. Nevertheless, such a mixture should maintain the
HTS because of the similar electron-phonon coupling strength
in these phases.

Additional effects such as spin-orbit coupling (SOC) and
electron correlation of the f electron in Ce may affect the
superconductivity of Lag75Ceg5Ho. However, calculating
the EPC and T, directly under these effects is highly complex
and sophisticated. Therefore, we performed additional SOC
and DFT + U calculations to understand their effect on the
electronic band structure and phonon dispersion spectrum in-
stead of direct calculations of EPC. Here, we choose the U
(Ce — 4f) value of 4 eV [66] for the PBE + U calculation. As
shown in Fig. 7, both SOC and DFT + U calculations result
in electronic and phonon band structures similar to the one
without these effects. Therefore, we expect that these effects
should be weak on the EPC of Lag 75Ce25Hjg.

Conclusions. In summary, based on first-principles calcu-
lations, we have investigated the effects of chemical doping
on phase stability and superconductivity in the LaH;q struc-
ture. By analyzing the phonon spectrum, we demonstrated
that most doping elements (K, Rb, Cs, Ca, Sr, Ba, Sc, Y,
Ti, Zr, Hf, Lu, In, Tl) induce the softening of the high-
frequency phonon modes, thereby enhancing the EPC and
improving 7.. However, phonon softening also leads to dy-
namical instability, reducing the stable pressure range. Unlike

these dopants, Ce doping can expand the range of dynam-
ical stability for LaHo at lower pressures. The analysis of
the electronic structures revealed that Ce doping eliminates
the VHS and reduces states at the Fermi level, stiffening a
few imaginary modes in LaH;y at low pressures. Utilizing
the Eliashberg theory, we demonstrated that Lag 75Ceq25Hjo
maintains high-temperature superconductivity with a 7, of
~246 K at 200 GPa. Upon examining different polymorphs
of Lag75Cep.2sHo, we show that different doping sites of Ce
in the LaH( structure have a minor effect on the energetic
stability and EPC. Our findings suggest that Ce can be a
promising dopant to stabilize LaH;( at lower pressures while
preserving its high-temperature superconductivity. The exper-
imental verification of our prediction is highly desirable.
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