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Isotope effect in superconducting lanthanum hydride under high compression
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Recently, the discovery of room-temperature superconductivity (SC) was experimentally realized in the fcc
phase of LaH,, under megabar pressure. Specifically, the isotope effect of 7, was measured by the replacement
of hydrogen (H) with deuterium (D), demonstrating a driving role of phonons in the observed room-temperature
SC. Herein, based on the first-principles calculations within the harmonic approximation, we reveal that (i) the
identical electron-phonon coupling constants of fcc LaH;, and LaD;, decrease monotonously with increasing

pressure and (ii) the isotope effect of 7. is nearly proportional to M~ (M: ionic mass) with o = 0.465,
irrespective of pressure. The predicted value of o agrees well with the experimental one (¢ = 0.46) measured
at around 150 GPa. Thus, our findings provide a theoretical confirmation of the conventional electron-phonon
coupling mechanism in a recently discovered room-temperature superconductor of compressed LaH .
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I. INTRODUCTION

Ever since the first discovery of superconductivity (SC)
in 1911 [1], the realization of room-temperature SC has
been the holy grail of physics. Based on the Bardeen-
Cooper-Schrieffer (BCS) theory [2], Ashcroft [3] proposed
that the metallic hydrogen formed under high pressures over
~400 GPa [4,5] would be an ideal candidate for room-
temperature SC. To achieve the metallization of hydrogen
lattices at relatively lower pressures attainable in the diamond
anvil cells [6,7], many binary hydrides have been theoretically
searched [8—18]. Due to the chemical precompression, such
hydrides can have high superconducting transition tempera-
tures 7 at relatively lower pressures. For instance, theoreti-
cally predicted [9,19] and then experimentally realized cubic
structure of hydrogen sulfide H3S with a crystalline symmetry
of the space group Im3m exhibits SC with a 7. of ~203 K
at a pressure of 155 GPa [20,21]. Furthermore, the pairing
mechanism of SC in H3S is associated with the conven-
tional electron-phonon interaction because the measurements
of T, for H3S and its deuterium counterpart D3;S showed a
strong isotope effect: i.e., T, of D3S shifts towards a lower
temperature [20].

Recently, two experimental groups synthesized a lan-
thanum hydride LaH;, with a clathrate-like structure at
megabar pressures and measured a 7 between 250 and 260 K
at a pressure of ~170 GPa [22,23]. This record of T; is the
highest among the so far experimentally available supercon-
ducting materials [20,24-26], which will bring a new era
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of high-7; SC. The x-ray diffraction and optical studies of
lanthanum hydrides showed the existence of the fcc lattice
at ~170 GPa upon heating to ~1000 K [27], consistent
with the earlier predicted metallic fcc phase of LaH ;o having
cages of 32 H atoms surrounding a La atom [11,12,28,29].
To reveal the underlying mechanism of the observed room-
temperature SC in fcc LaH;y, a pronounced isotope shift
was measured by the substitution of deuterium for hydro-
gen, thereby providing a direct evidence of the conventional
phonon-mediated pairing mechanism [23]. Based on the re-
lation of T, o« M~* [30], where M is ionic mass, the isotope
coefficient o can be estimated. According to the experimental
data of T, =249 (180) K for fcc LaH;y (fcc LaDjy) at a
pressure of ~150 GPa [23], the estimated value of « amounts
to 0.46, close to that (¢ ~ 0.5) obtained from the BCS
theory [2].

In this paper, using first-principles density-functional the-
ory (DFT) calculations within the harmonic approximation,
we investigate the isotope effect of fcc LaH;y and fcc LaDq
as a function of pressure. We find that the electron-phonon
coupling (EPC) constant A, which is invariant with respect to
the H isotope substitution, decreases with increasing pressure
as 2.38, 1.82 and 1.54 at 250, 300, and 350 GPa, respec-
tively. By solving the Eliashberg equations, 7; of LaH;g
(LaDjg) decreases almost linearly as 234 (169), 214 (155),
195 (142) K at 250, 300, and 350 GPa, respectively. As
a result, the isotope coefficient is estimated to be ~0.465,
irrespective of pressure. This estimated value is in good
agreement with the experimental measurement [23] of « =
0.46 at around 150 GPa. Therefore, our first-principles cal-
culations strongly support a conventional electron-phonon
coupling mechanism in the observed room-temperature SC
of fcc LaH .

©2020 American Physical Society
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II. THEORETICAL MODEL AND COMPUTATIONAL
METHODS

All the numerical calculations were performed using the
DFT as implemented in the QUANTUM ESPRESSO software
package [31,32]. The ultrasoft pseudopotentials were used for
all atoms and the exchange-correlation energy was described
by the Perde-Burke-Ernzerhof (PBE) functional based on
the generalized gradient approximation (GGA). To obtain
the optimized geometry of lanthanum hydride systems at
high pressure, the atomic positions and cell vectors were
fully relaxed by using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) quasi-Newton algorithm [33] up to the convergence
criteria of less than 107!° Ry and 10~® kbar for total energy
and pressure, respectively. On the basis of convergence tests,
the kinetic energy cutoff for the wave functions and charge
density were taken as 80 and 1000 Ry, respectively. For
self-consistent calculations, the 24 x 24 x 24 k-point meshes
were used. Phonon spectra and electron-phonon interactions
were calculated using the density functional perturbation the-
ory [34]. Here, the first Brillouin zone was sampled using
the 6 x 6 x 6 g-point meshes and the denser 36 x 36 x 36
k-point meshes, respectively.

The thermodynamic properties of superconducting states
in compressed LaH;o and LaD;, were obtained by solving
the isotropic Eliashberg equations with the superconducting
order parameter function ¢, = ¢(iw,) and the electron mass
renormalization function Z, = Z(iw,). The set of isotropic
Eliashberg equations defined on the imaginary-frequency axis
gives the following forms [35,36]:
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where the electron-phonon interaction pairing kernel is
given by
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Hence, the superconducting order parameter is defined by the
ratio A, = ¢,/Z,. The effective screened Coulomb repulsion
constant u* was chosen in the range of 0.1-0.2, which can
be adjusted with the comparison of the measured 7. [37,38].
The Heaviside step function 6 is determined by a frequency
cutoff w, = 3 eV, which is typically ten times larger than the
maximum phonon frequency. The value of g is given by 8 =
1/kgT, where kg is the Boltzmann constant. The Eliashberg
spectral function a®>F (w), which is the main input element to
the Eliashberg equations, is defined as
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where N(er), yqv, and gqu (K, i, j) are the density of states at
the Fermi energy ¢, the phonon linewidth, and the electron-
phonon matrix element, respectively. The integrated EPC
constant A(w) is obtained by the integration of @>F (w):

Mw) =2 / Y dw'o*F (o) o, (6)
0

where the total EPC constant is calculated as A(w — 00).

The Eliashberg equations are solved iteratively in a self-
consistent way with a maximal error of 107!* between two
successive iterations. The convergence and precision are con-
trolled by using the sufficiently high number (M; = 1100)
of Matsubara frequencies: w, = (7/8)(2n — 1), where n =
0,%1,%2,...,£M;. For further details about the imple-
mentation and derivation of the methods adopted herein, see
Refs. [39-42].

III. RESULTS AND DISCUSSION

We first determine the geometry of the Fm3m LaH o phase
in the pressure range of 250—350 GPa using the first-principles
DFT calculations. Here we consider three different pressures
250, 300, and 350 GPa, because the experimentally observed
fcc LaH;o phase becomes unstable at lower pressures below
220 GPa (see Fig. S1 in the Supplemental Material [43]). The
calculated pressure-volume data show the nearly linear reduc-
tion of volume with a slope of dV/dp = —0.029 A%/GPa,
where we obtain 28.484, 26.891, and 25.564 A3 at 250,
300, and 350 GPa, respectively. Figure 1(a) compares the
calculated electronic band structures of fcc LaHy at 250,
300, and 350 GPa, whereas their corresponding densities of
states around ¢p are displayed in Fig. 1(b). It is seen that the
dispersions of the bands around e change very little with
respect to pressure. Consequently, the pressure dependence
of the density of states (DOS) at ¢r is minor, compared to
those at the energy regions away from the er. The present
results of electronic band structure and DOS with respect
to pressure agree well with those obtained using the Vienna
ab initio simulation package with the projector augmented-
wave method [44]. As shown in Fig. 1(b), the DOS at g
reaches 0.83-0.86 states/eV in the range of 250-350 GPa,
which are comparable with that (0.63-0.90 states/eV) of
compressed H3S having a T of ~203 K at 155 GPa [45,46]. It
is thus likely that both compressed LaH o and H3S with high
DOS at ¢ would be equally expected to have high-7;. SC, as
observed by experiments [20—23]. We note that the electronic
band structure of fcc LaDq is identical to that of fcc LaH;
because of the same Kohn-Sham effective potentials in both
systems.

Figures 2(a), 2(b), and 2(c) display the calculated phonon
dispersions of fcc LaH;o at 250, 300, and 350 GPa, respec-
tively, together with the overlap of the corresponding results
for fcc LaDjy. For each structure, there are no imaginary
phonon frequencies, indicating that fcc LaH,( and LaD( are
dynamically stable in the pressure range between 250 and
350 GPa. In Fig. 2(d), we plot the phonon DOS projected
onto La and H atoms at 250 and 350 GPa. We find that
the acoustic phonon modes with lower frequencies below
~45 meV arise from La atoms, which are well separated from
the optical phonon modes of H or D atoms. It is noticeable that
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FIG. 1. Calculated electronic band structures of fcc LaH;, at
250, 300, and 350 GPa: (a) The electronic dispersion along the
high-symmetry lines in the Brillouin zone and (b) the total DOS per
formula unit. The Fermi level € is set to zero. The inset of (b) shows
the Brillouin zone for cubic (fcc) clathrate-type structure with special
k-point paths.

the D-derived optical phonon modes shift towards lower fre-
quencies, relative to the corresponding H-derived modes. For
instance, at 250, 300, and 350 GPa, the lowest optical modes
at the I" point shift from 109.44, 118.36, and 123.12 meV in
LaH;, to 77.52, 83.44, and 86.93 meV in LaD,, respectively.
Thus, we can say that the frequencies of the H- and D-derived
optical phonon modes are nearly inversely proportional to the
square root of the ionic mass, as discussed below.

Figure 3 shows the results of Eliashberg function o>F (w)
and integrated EPC constant A(w) as a function of phonon
frequency, calculated at 250, 300, and 350 GPa. We find
that the La-derived acoustical phonon modes contribute to
only about 11% of the total A. This result indicates that H
atoms play a dominant role in contributing to electron-phonon
coupling, which in turn gives rise to a room-temperature SC in
fcc LaH . The calculated total A values of LaH;¢ and LaD
are equally as 2.38, 1.82 and 1.54 at 250, 300, and 350 GPa,
respectively. Interestingly, as pressure increases, the total A
decreases monotonously, consistent with the decrease of T
measured by a recent experiment of fcc LaH;( [23]. Because
of such large EPC constants larger than 1, we adopt the
Eliashberg theory to understand the properties of the super-
conducting state through the conventional EPC mechanism.

We calculate the temperature dependence of the supercon-
ducting energy gap A by solving the Eliashberg equations
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FIG. 2. Calculated phonon dispersions of fcc LaH;y and fcc
LaDyy at (a) 250, (b) 300, and (c) 350 GPa. (d) Projected phonon
density of states (PhDOS) onto La (red-color region) and H/D (gray-
color region) atoms at 250 and 350 GPa.

on the imaginary- and real-frequency axes [36]. Figure 4
shows the calculated A versus temperature curves at 250,
300, and 350 GPa, together with the real and imaginary parts
of A(w, T =0) as a function of frequency. Based on these
data, we estimate 7., A(0), and the universal dimensionless
ratio 2A(0)/kgT., all of which are influenced by pressure and
the Coulomb pseudopotential p* [47]. The results are listed
in Table I. We find that at 250 GPa, 7, is estimated as high as

Mo)LaD,, — ---- Mo) LaH,,
—— o’F(0) LaD, o’F(o) LaH,

o*F(0), Mo)

0 50 100 150 200 250 300

o*F(0), Mo)

200 250 300

oczF(w), Mo)

0 50 100 150 200 250 300
» (MmeV)

FIG. 3. Calculated Eliashberg spectral functions a>F (w) of fcc
LaH,y and LaD;y at 250, 300, and 350 GPa, together with the
corresponding integrated EPC constant A(w).

214501-3



ARTUR P. DURAJSKI et al.

PHYSICAL REVIEW B 101, 214501 (2020)

250 GPa

A(T) (meV)

100 150

0 1 1 1 L
0 50 100 150 200 250 300

50 200
o (meV) T (K)
150 op 60 F -
=0.1
;100_300 a 50 " .
> S 1'=0.15
£ 50 ﬂ%’( g 40+ 202
N ————
s T £ 20t
T 50+ < 10k
-100 L L L 0 L L I L
0 50 100 150 200 0 50 100 150 200 250 300
o (meV) T (K)
150 60 F
<100[ 350 GPa 50l —LaH,,

40

LaD,,

A(T) (meV)

(0]

5 0 eIl 30

S —";"_“-"—-." ° 20+

< ol Re s Re

=solgl TR g TR T \
-100 | . T 0 . . | . .

0 100 150 200 0 50 100 150 200 250 300
o (meV) T (K)

FIG. 4. Real and imaginary parts of the superconducting energy
gap as a function of frequency at zero temperature and p* = 0.15
(left panel), and the corresponding superconducting energy gap as a
function of temperature and Coulomb pseudopotential (right panel)
determined from the relation A(7T) = Re[A(w = A(T), T)].

269 and 191 K for LaH;o and LaD, respectively. Further, 7,
is found to decrease almost linearly with increasing pressure,
reaching 237 K for LaH;y and 170 K for LaD, at 350 GPa.
As shown in Table I, the larger value of A, the higher is
the 2A(0)/kgTe ratio. Moreover, 2A(0)/kgTe considerably
exceeds the universal value of 3.53 predicted by the BCS
theory [2], which reflects the strong EPC and retardation
effects in fcc LaH ¢ and LaD .

In Fig. 5, we compare the calculated 7, versus pressure
results with the experimental data. In the case of LaHj,
the open black circles represent the experimentally observed

TABLE 1. Calculated EPC constant A, 7., A(0), and dimension-
less ratio 2A(0)/kgTe of fcc LaH;y and LaD;y at 250, 300, and
350 GPa.

T. (K) A0) (meV)  2A(0)/kpTc

P (GPa) ,LLib A LaHlo LaDlO LaHlo LaDlo LaHlO LaDlo
0.10 269 191 59.74 4280 5.15 520

250 0.15 238 249 179 5471 3944 510 5.11
0.20 234 169 50.79 36.85 5.04 5.06

0.10 252 180 5142 3694 474 476

300 0.15 1.82 231 166 4630 3352 4.65 4.69
0.20 214 155 4233 3090 459 4.63

0.10 237 170 4571 3295 448 450

350 0.15 1.54 214 154  40.55 2949 440 444
0.20 195 142 3656 26.85 435 439

300 .
- o u=0.1
N o = u'=0.15
250 EF 6335’33\0_\0‘ @ = o : w'=0.2
T, =
— Teme_ =
_2000 [ i -
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» TR -
150 L -
100 Experimental measurements Theoretical predictions
O LaH,, O = W laH,
O LaD,, 0O = ®mLaD,
50 1 1 1 1 1 1
100 150 200 250 300 350 400
p (GPa)

FIG. 5. Estimated T, as a function of pressure using the Eliash-
berg theory with u* = 0.1, 0.15, 0.2. The experimental data [23] are
also given for comparison.

T, [23]. Due to the difficulty in the synthesis of fcc LaDjy,
there was only one experimental data of 7, measured at
150 GPa (see the red open circle in Fig. 5) [23]. It is notewor-
thy that for LaH;, the estimated T, decreases almost linearly
with increasing pressure, irrespective of the chosen w* values
of 0.1, 0.15, and 0.2. This linear variation of 7, with respect
to pressure seems to be consistent with the experimental
data. Interestingly, we emphasize that H3S and H;3S;_,P,
mixture [48,49] also exhibited similar behavior of 7. decrease
with increasing pressure between 150 and 350 GPa. As shown
in Fig. 5, the calculated T, versus pressure relation with u* =
0.2 is in better agreement with the measurements (see the
black dashed line). For LaD,g, there was only one experi-
mental datum at 150 GPa, which can be well extrapolated
by our results obtained using u* = 0.2 (see the red dashed
line in Fig. 5). It is noted that the experimental values of
T, are well reproduced by the present harmonic approxima-
tion with u* = 0.2, larger than that (u* = 0.1) of a recent
anharmonic calculation [50]. It is thus likely that the proper
w* value for LaH ;o would change with including anharmonic
phonons. The present theory and previous experimental data
showing that T, varies with the isotopic mass provide a strong
evidence for the interaction between the electrons and lattice
vibrations [51-53]. Indeed, this conventional electron-phonon
coupling mechanism contrasts with the recent proposal that
LaH) is an unconventional superconductor [54]. We further
analyze the isotope effect of T in terms of the isotope coeffi-
cient (&), which is given by the following relation:

_ In[Teliap,, — In[7e]Lany, )
~ In[Mlp — In[M]y

Here [M]y and [M]p are the atomic mass of hydrogen and
deuterium, respectively. It is noteworthy that the BCS the-
ory for weak-coupling superconductors gives a « value of
0.5, while the McMillan-Allen-Dynes or Migdal-Eliashberg
equations with harmonic phonons have predicted « values
lower than 0.5 for strong-coupling superconductors: e.g.,
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TABLE II. Estimated 7. with u* = 0.2, the isotope effect coeffi-
cient «, and the average isotope effect coefficient o of fcc LaH;y and
LaD;, at 250, 300, and 350 GPa.

T. (K)
Pressure (GPa) LaH,, LaDy, o o
250 234 169 0.470
300 214 155 0.466 0.465
350 195 142 0.458

0.23-0.31 (0.38-0.42) for H,S (H3S) from McMillan-Allen-
Dyne formula [51] and 0.31 for H3S from Migdal-Eliashberg
equations [55].

As shown in Table II, the « value ranges between 0.458 and
0.470, which are smaller than the BCS value which indicate
the correction due to the strong coupling and retardation
effects. Moreover, on the basis of only one available experi-
mental data of T, for LaH;y (249 K) and LaD;o (180 K) at a
pressure of ~150 GPa, the « value can be estimated as 0.46,
in good agreement with our estimated average isotope effect
coefficient @ = 0.465. We note that the present value of o
estimated at higher pressures between 250 and 350 GPa agrees
well with the previous theoretical value (0.43 at ~160 GPa)
obtained using anharmonic phonons [50]. It is thus likely that
LaH; exhibits insignificant anharmonic effects for «.

It is noteworthy that a recent anisotropic Migdal-
Eliashberg theory with including anharmonic effect predicted
T, at pressures lower than 260 GPa in the Fm3m struc-
ture [50]. As shown in Fig. S2(a) of the Supplemental Ma-
terial [43], the predicted T, versus pressure results [50] agree
well with the experimental data [23] measured between 150
and 210 GPa. Here the theoretical values of 7, decrease by
~21 K between 214 and 264 GPa, close to a slope of ~15 K
per 50 GPa between 250 and 350 GPa (see Fig. 5 or Fig. S2(b)
in the Supplemental Material [43]) which is obtained using
isotropic Migdal-Eliashberg equations with u* = 0.2 and har-
monic phonons. It is thus likely that the pressure dependence
of T, at high pressures above 220 GPa shows good agreement
between the previous anharmonic [50] and the present har-
monic calculations. We note that the present isotope coeffi-
cient of 0.465 estimated at higher pressures between 250 and
350 GPa agree well with the previous theoretical value (0.43 at
~160 GPa) obtained using anharmonic phonons [50] as well

as the existing experimental data (¢« = 0.46) measured only at
a pressure of ~150 GPa [23]. This agreement of o between the
previous anharmonic [50] and the present harmonic calcula-
tions is due to the fact that the two calculations predict similar
T.versus pressure results for LaH;y and LaDq, as shown
in Figs. S2(a) and S2(b) of the Supplemental Material [43].
Our findings not only support a conventional electron-phonon
coupling mechanism in the superconductivity of fcc LaHy,
but also will stimulate further experiments to explore the
isotope effect of 7, at higher pressures.

IV. CONCLUSION

We performed the comprehensive first-principles DFT cal-
culations of the electronic and phonon properties of lan-
thanum hydride and deuteride at high pressures. We found that
fcc LaH |y and LaD( phases not only dynamically stabilize
in the range of 250-350 GPa, but also have the strong EPC
and the high DOS at the Fermi level which are favorable for
high-7, SC. By solving the Eliashberg equations, 7;. of LaH |
(LaDjg) decreases almost linearly as 234 (169), 214 (155),
195 (142) K at 250, 300, and 350 GPa, respectively. As a
result, the isotope coefficient is estimated to be ~0.465, irre-
spective of pressure. Therefore, our findings strongly support
a conventional electron-phonon coupling mechanism in the
observed room-temperature superconductivity of fcc LaHj.
We believe that these results are of importance for under-
standing the phenomenon of the superconducting state in fcc
LaH;(, which will be useful for future, more experimental
measurements of the isotope effect.
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