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Recent theoretical and experimental studies of hydrogen-rich materials at megabar pressures
(i.e., >100 GPa) have led to the discovery of very high-temperature superconductivity in these
materials. Lanthanum superhydride LaH;o has been of particular focus as the first material to
exhibit a superconducting critical temperature (7¢) near room temperature. Experiments indicate
that the use of ammonia borane as the hydrogen source can increase the conductivity onset
temperatures of lanthanum superhydride to as high as 290 K. Here we examine the doping effects
of B and N atoms on the superconductivity of LaHio in its fcc (Fm3m) clathrate structure at
megabar pressures. Doping at H atomic positions strengthens the H3z cages of the structure to give
higher phonon frequencies that enhance the Debye frequency and thus the calculated 7¢c. The
predicted 7. can reach 288 K in LaHo 985No.015 within the average high-symmetry structure at 240
GPa. The remarkably large shift in 7t to higher values produced by small degrees of chemical
doping opens the prospect for the creation of still higher-temperature superconductivity in
superhydrides potentially at even lower-pressure conditions.



Realizing room-temperature superconductivity in hydrogen-rich materials under pressure is
a topic of great current interest. Specifically, high-pressure experiments motivated by density
functional theory and Bardeen-Cooper-Schrieffer (BCS) theory have uncovered new classes of
hydrogen-rich metal hydrides, or superhydrides, with superconducting critical temperatures (7¢’s)
in the vicinity of room temperature at megabar pressures (i.e., >100 GPa)."? Calculations for the
rare-earth hydrides predicted that LaH10 and YH10 would form dense hydride clathrate structures
exhibiting T.'s of 257-326 K at pressures of 200-300 GPa.** X-ray diffraction experiments on the
La-H system confirmed the formation and stability of the LaHio structure near the predicted
pressures,’ and subsequent electrical conductivity and critical current measurements confirmed the
very high-temperature superconductivity of the phase.®” Experiments that used ammonia borane
(NH3BH3) as the hydrogen source indicated 7¢'s beginning at 260 K, including conductivity onsets
as high as 290 K that have been confirmed in a very recent work.® It was proposed that the high
and variable Tt arises from incorporation of N and/or B in the structure from the ammonia borane
starting material.”® Moreover, subsequent studies’ that confirmed the reported structure'” and
high-temperature superconductivity’® of LaH1o found a slightly lower maximum 7. of 250 K in
experiments conducted without ammonia borane.

Using a theoretical method successfully applied previously to H3S,!"'> here we show that B
and N doping increases the 7¢: of the lanthanum-based superhydride to room temperature. It is
found that the doping at H atomic position makes the clathrate hydride structure more stable and
hardens the low-frequency optical phonons. Although the electron-phonon coupling constant A is
reduced, a marked increase of the logarithmically averaged phonon frequency <w>10g, equivalent
to the rise of Debye temperature, enhances 7.. Remarkably, low-level doping of N in the H
sublattice together with further increase in pressure raises the 7. of lanthanum superhydride by at
least 25 K, with a predicted 7. for LaHo.98sNo.o15 at 240 GPa of 288 K.

The electron-phonon coupling was studied with the linear response theory and the Migdal-
Eliashberg approach.!'3"!¢ The Eliashberg electron-phonon spectral function reads
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where N(ep) is the DOS per spin at the Fermi level and yg,, is the phonon linewidth given by

the Fermi’s golden rule,
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The microscopic electron-phonon matrix element Mgél}k +q describes the scattering of an electron

at the Fermi surface from a state of momentum k to another state of k+¢q perturbed by a phonon
mode (g¢,v). In the electron-phonon coupling model, the superconducting state is obtained by
solving the Eliashberg gap equation with the electron-phonon and electron-electron interactions in
the normal state. Describing the manifestation of electron-phonon interaction in superconductivity,
the electron-phonon coupling constant A was obtained from A =2 [ a?F(w)w *dw. The



electron-electron Coulomb interaction was represented by an effective constant u*. The 7. was
estimated by the Allen-Dynes-modified McMillan formula,'¢
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where f1 and f> are the strong coupling and shape correction factors, respectively, and (@)iog 1s the
logarithmically averaged phonon frequency.

Technical details of computation are as follows. Density functional theory was implemented
within the generalized gradient approximation using the Perdew-Burke-Ernzerh method in the
ABINIT package.!”! The ion and electron interactions were treated with the Hartwigsen-
Goedecker-Hutter pseudopotentials.?’ The basis set containing all plane waves up to the cutoff
energy of 30 Hartree and the zone-centered Monkhorst-Pack k-mesh of 24 X 24 X 24 were used in
all calculations. The phonon spectra and electron-phonon coupling were calculated on an 8 X8X 8
g-grid using the density functional perturbation theory.?! For electron-phonon coupling, the matrix
elements were determined by second-order perturbation theory. To improve accuracy we
performed a Fourier interpolation of the matrix elements to obtain them on a finer ¢g-grid identical
to the k-mesh. The doping of B and N atoms was simulated by the self-consistent virtual crystal
approximation, where the pseudopotentials of A1.By are given by (1 — x)V, + xV5.

Lanthanum superhydride, LaHjo, has been found to be the highest temperature
superconducting phase so far in the La-H binary system. As a result, since the original theoretical
prediction and experimental discovery,>”’ the material has been the subject of numerous
investigations (e.g., Refs. 222%). Though the detailed properties of LaH o, including anharmonicity
and nuclear quantum effects, continue to be studied theoretically,'®**-8 it is sufficient for the
present purposes to examine its superconducting properties, and specifically, the nature of the
electron-phonon coupling in the system, within a conventional quasiharmonic treatment of the
lattice dynamics. The computational approach applied here is consistent with previous theoretical
studies,>* which have been largely confirmed by experimental results for lanthanum
superhydride,*’ thereby validating the extensions of the techniques we use to examine the effects
of doping, as described previously.'!"1?

The high-symmetry clathrate-type structure of LaH1o consists of La atoms arrayed on an fcc
lattice (space group Fm3m), with a 32-atom hydrogen (Hs) cage surrounding each La atom
containing six square and twelve hexagonal faces that are cross-linked by 8-hydrogen cubes [Fig
1(a)]. The central La atom acts as an electron source, donating electrons to the H sublattice, a result
consistent with the ambient pressure ionization potential of La.?” The electron transfer destabilizes
molecular H; units in the structure that form in pure solid hydrogen at these pressures. This strong
anion-cation interaction also enhances the stability of the H3z» cage, which is predicted to be
dynamical unstable in LagH;0.%®
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Fig. 1. (a) Optimized structure of LaHo with its fcc La sublattice and Hs; clathrate structure. (b) Electronic
band structure and DOS (Hartree!/spin) of LaH;o at 210 GPa. (c) Phonon dispersion and Eliashberg
function a®’F(w) of LaH,o at 210 GPa. The pink, blue, and green circles in (b) mark the projections of H-s,
La-d, and La-f orbitals, respectively. The size of the black circles in (¢) is proportional to the electron-

phonon coupling linewidths. The results are consistent with the original predictions.>

We focus on the properties of the material at pressures where the 7¢c has a maximum for pure
LaHi0, which corresponds to 210 GPa and close to the calculated quasiharmonic dynamical
instability of the fcc structure.®!® The calculated nearest-neighbor H-H distances are 1.09 A and
1.17 A at this pressure, consistent with previous work.>* Figure 1(b) shows that LaH is a good
metal, and the hole-like and electron-like bands around the L point generate a van Hove singularity
near the Fermi energy.?’ This peak in the electronic density of states (DOS) near the Fermi level
reaches 10.77 Hartree'!/spin, and arises mainly from La-d, La-f, and H-s electrons. Phonon
calculations reveal no imaginary frequencies indicating quasiharmonic dynamical stability of the
Fm3m structure at 210 GPa [Fig. 1(c)]. On the other hand, at this pressure the structure is close
to a dynamical instability, as indicated by the mode softening along I'-L and I'-X, which is
associated with the maximum T calculated at this level of theory for pure LaH;o.>!® The H-H
distances lead to mixing of stretching and bending vibrations,> and phonon modes dominated by
this H motion contribute to the electron-phonon coupling. As a result, the electron-phonon
couplings, as reflected in the phonon linewidths, are distributed across many optical phonons [Fig.
1(c)]. The Allen-Dynes-modified McMillan formula gives a 7. =261 K for LaH;¢ at 210 GPa with
A=2.96, <w>10¢ =1090 K, and p*=0.11. In addition, 7. drops with increasing pressure because the
enhancement due to the increase in <w>10g iS counteracted by the stronger negative effect due to
the drop in A.>° Both the 7. values and trends agree with previous theoretical results,>® and the Tt
is close to the experimental findings*%°?%?>%" (Fig. S1).%° Because of the slight differences in the



absolute value of the calculated 7. that arise from different codes and parameters (e.g., u*) used
in previous work (Fig. S1), to examine the effect of doping we adopt the above value of 7. for pure
LaHjo at 210 GPa as a reference and use the same formalism for all the calculations while also
examining the dependence of the results on p*.
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Fig. 2. Phonon dispersion (red lines) and Eliashberg function o®F(w) (red lines) of (a) LaggoHi0Bo.o1, (b)
LaHo.99Bo.01 and (c) LaHo99Noo1 at 210 GPa. The size of red circles is proportional to the electron-phonon
coupling linewidths. In order to facilitate the comparison, the black lines in (a-b) show the phonon disperson
and o’F(w) of LaH o at 210 GPa. The green lines in (a) show the phonon dispersion of LagesH10Bo.02 at 210
GPa with the imaginary modes along I'-X. The blue lines in (c) show the phonon dispersion and a?F(w) of
LaHy.99No.o1 at 240 GPa.

Experimental studies have suggested that incorporation of N and/or B can improve the
superconductivity of LaH;0.> Over the range of conditions explored to date, there is no evidence
for major structural changes from cubic to higher pressure P-T structures. Thus, we consider the
effects of modest doping of B and N, without structural phase transition, on the electron
distribution, structural stability, and superconductivity of the fcc LaHio. We compare the results
between Lao.ooH10Bo.01 and LaHo.99Bo.01 at 210 GPa. Considering first the former, since B has many
fewer valence electrons than La, the predominant effect of doping to create a virtual Lao.99Bo.o1
atom is reduced electron transfer to the H atom framework. This weakens the H3> cages as indicated
by phonon softening shown in Fig. 2(a). Notably, frequencies of acoustic phonons along I'-X
become imaginary with modest doping, as indicated for LaoosHi0Bo.o2. By contrast, due to the
increase in valence electrons of the virtual Ho.99Bo.01 atom, phonon hardening and notable changes
in phonon frequencies around 500 cm™ occur [Fig. 2(b)]. The two types of doping result in phonon
linewidths that are close to those of the LaH1o prototype. This minor change in electron-phonon

5



coupling arises from the similarity in the DOS at the Fermi level (10.57 and 10.80 Hartree !/spin
for Lao.9oH10Bo.o1 and LaHo.99Bo.o1, respectively), which is distinctly different from the doping
effect found for H3S.!""!? Consequently, the peaks in the Eliashberg functions a?F(m) change little,
though the peaks around 500 cm™' shift [Fig. 2(a) and (b)]. With the low-frequency optical phonon
softening, A of Lao.ooH10Bo.o1 is enhanced but <> is reduced. The calculated 7 is 245 K with
A=3.33, <m>10,=900 K, and p*=0.11. By contrast, the effect is the opposite for LaH¢.99Bo.01, with
A=2.66 and <w>1,g =1180 K, and the calculated 7¢ is 269 K, i.e., the T is increased relative to
LaHio and Lao.99H10Bo.01 because of phonon hardening.
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Fig. 3. (a) DOS, A, <®>1og, and 7. of LaH ;0B and LaH;oN: with different doping levels at 210 GPa. (b)
DOS, A, <®>10g, and T¢ of LaHg 99Bo.01 and LaHo 99No.o1 at different pressures. For each 7 curve, the upper
and lower bounds are obtained by choosing u*=0.10 and 0.11, respectively.

The above results indicate that superconductivity of fcc lanthanum superhydride is enhanced by
increasing the stability of H3» cage structure with additional charge transfer from the metal atom
to the hydrogen framework. For this reason, we focus on the doping of B and N in the H sublattice
(Fig. 3). Such doping results in small changes in the calculated DOS with doping level x < 0.04
for both LaH0.xBx and LaH0.xNy, as shown in Fig. 3(a). Rising phonon frequencies after doping
of B or N cause A (<®>1og) to decrease (increase), whereas the phonon linewidths show less of a
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change. According to the BCS theory, strong electron-phonon coupling and high Debye frequency
increase 7¢. It turns out that the increase of <®>ig in LaHi0..Bx and LaHioxN, can offset the
negative effect of the lower A and thus increase 7¢. The larger DOS at the Fermi level imparts a
slightly stronger electron-phonon coupling and higher 7. for LaH1o-«N. compared to LaHo-Bx at
a fixed doping level. Notably, the calculated 7. of LaHoogNo.o2 is 276 (285) K with u*=0.11
(0.10).3! Moreover, we performed supercell calculations to test the validity of these VCA
predictions.>® The calculated electronic DOS, phonon spectrum, and T. from the supercell
simulations all support the VCA results for N-doped LaHio described above (Figs. S2 and S3).*°
We note that the validity of the VCA decreases with increasing doping levels, but at the low levels
studied here (<5%) the VCA is valid, e.g., as a background-charge approximation.

We also studied pressure effects on the B and N doping in the hydrogen framework. Pressure
compresses the H-H bonds, thereby increasing the frequencies of H atomic vibrations. As a result,
there is an overall blue shift in the higher frequency portion of the Eliashberg function [Fig. 2(c)],
which significantly differs from the effects of doping that largely changes the lower frequency
optical phonons. Because of the hole-like and electron-like bands around the Fermi level, a weakly
pressure-dependent DOS also gives rise to a small variation of phonon linewidths. As illustrated
for LaHo.99Bo.01 and LaHo.99No.01 in Fig. 3(b), the effect of pressure is similar to that of doping and
leads to a limited boost in 7.

The dependence of 7t on both doping level and pressure for LaH1..N is shown in Fig. 4. The
results indicate the predicted upper limit of 7. by N doping while preserving the dynamically stable
fcc LaHio structure. With p*=0.10 (0.11), the T7¢ is calculated to reach 288 (278) K for
LaHo.085No.015 at 240 GPa and A=2.26 and <®>10g =1330 K. The results indicate an increase in 7
of over 25 K compared to the maximum 7¢ calculated at the same level of theory for LaHjo (i.e.,
261 K at 210 GPa). Therefore, remarkably small doping levels are able to raise the calculated 7t
to the vicinity of room temperature. Although the inclusion of anharmonicity and other quantum
effects could shift the predicted T¢, the very low doping level here suggests that the effect would
be similar to that predicted when these effects are included for pristine LaH;o;? thus, the shift in
T. due to N-doping is expected to be similar to that found here.
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Fig. 4. Dependence of Tt on doping level and pressure for LaH;o..N, with u*=0.10. The black dots represent
the calculated data grid.

Remarkably strong effects of chemical doping on 7t are predicted by our calculations.
Specifically, very low doping levels are able to shift 7¢’s to higher values as found hole-doping by
carbon in H3S causes a marked increase in 7. to room temperature,'? in agreement with the critical
temperature of 288 K reported for a C-S-H mixture at 270 GPa.** While experimental evidence for
such doping is challenging at these multimegabar pressures, theory can help guide experimental
tests of these effects. For example, additional x-ray diffraction lines were observed in LaHio
experiments in which the temperature was nominally increased above that required to synthesize
the decahydride,® and additional splittings have been found in a more recent study of the material
that involved subsequent thermal annealing.® It is thus plausible that N/B can readily be
incorporated in the LaHjo structure upon heating, even below the temperature required for
additional stoichiometric compounds to form.® Notably, this substitution would not appreciably
change the measured diffraction pattern, but merely shift peaks and unit-cell volumes at the same
pressure relative to LaH 0. In addition, if the doping produces an ordered (or partially ordered)
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phase, satellite peaks would appear near the main peaks, as explicitly calculated here for the
LasH79N supercell (Fig. S4);*° new low-frequency modes would also be observed in Raman or
infrared spectra, also as predicted by these calculations (Fig. S3).*° In principle, high-pressure K-
edge x-ray Raman measurements (e.g., of N and B)** could also constrain the nature and degree
of doping.

In summary, we have systematically studied the doping effects of B and N on the
superconductivity of LaHio at megabar pressures, including the doping at La and H atomic
positions. It is found that doping at the H positions stabilizes the clathrate hydride structure and
hardens the low-frequency optical phonons. Although the electron-phonon coupling constant A is
reduced, the marked increase in the effective Debye temperature <w>10g offsets the effect to
increase the calculated 7¢’s. As noted above, the effect of doping on 7¢’s thus differs from that
found previously for doping of H3S with P, Si, and C, which arose principally from changes in
DOS at the Fermi level.!'? The results provide an explanation for the room-temperature
superconductivity up to 290 K reported in several experiments on lanthanum superhydrides
conducted using NH3BH3 as a hydrogen source.>®?° A recently reported theoretical study of
doping of LaH1o suggested enhancing T. exclusively through the effect on the DOS,*? similar to
our predictions for HsS.1%12 By contrast, the calculations presented here show that doping can
enhance T in other ways, e.g., by increasing the Debye frequency. Still higher T¢’s may be possible
in the La-based system as a result of doping combined with structural changes induced by further
application of pressure and temperature.® Electron- or hole-doping with other elements in rare-
earth and other hydrides is likely to lead to still higher 7¢’s in hydrides as suggested by recent
theoretical calculations on the Li-Mg-H system.*>*° The results presented here should motivate
and guide the design and interpretation of new experiments. Continued experimental and
theoretical studies of doping effects and more complex chemical compositions of hydrides and
related low-Z materials is expected to lead to very high-temperature superconductors that are
recoverable at or near ambient pressure.’’-*
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