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Recently superconductivity has been discovered at around 200 K in a hydrogen sulfide system and around
260 K in a lanthanum hydride system, both under pressures of about 200 GPa. These record-breaking transition
temperatures bring within reach the long-term goal of obtaining room-temperature superconductivity. We
have used first-principles calculations based on density functional theory along with Migdal-Eliashberg theory
to investigate the electron-phonon mechanism for superconductivity in the Fm3m phase proposed for the
LaH,o superconductor. We show that the very high transition temperature 7, results from a highly optimized
electron-phonon interaction that favors coupling to high-frequency hydrogen phonons. Various superconducting
properties are calculated, such as the energy gap, the isotope effect, the specific heat jump at 7., the
thermodynamic critical field, and the temperature-dependent penetration depth. However, our main emphasis
is on the finite-frequency optical properties, measurement of which may allow for an independent determination
of T, and also a confirmation of the mechanism for superconductivity.

DOI: 10.1103/PhysRevB.102.024501

I. INTRODUCTION

Ashcroft proposed that hydrogen, upon becoming metallic
at sufficiently high density, would transform to a supercon-
ductor at a critical transition temperature 7. possibly well
above room temperature [1]. This stimulated many scientists
to search for superconductivity not only in pure hydrogen but
also in hydrogen-rich compounds. The possible formation of
metallic hydrogen has been reported at very high pressure by a
number of groups [2-5]. Moreover, ab initio crystal structure
calculations have predicted high-temperature superconductiv-
ity in some hydrogen-rich compounds, some of which have
been confirmed experimentally [6-9].

Among a large number of possible hydrogen-rich com-
pounds, several stoichiometries for the H-S system were iden-
tified as energetically competitive [10] and experimentalists
had been looking for superconductivity by compressing H,S
with H, [11]. H,S is the only known stable compound in
the system at ambient pressure and room temperature and its
highest 7. was found to be 80 K at 160 GPa [12]. In 2014,
Duan et al. [13] theoretically predicted that H3S was a good
candidate for superconductivity in the H-S system, with an
expected 7. as high as 191-204 K at 200 GPa. This was
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followed by a remarkable discovery by Drozdov et al. [14],
who observed superconductivity at 203 K in H,S compressed
to 155 GPa (now identified as transforming to H3S), which
set the record for the highest 7 at the time. This subsequent
experimental discovery helped to establish density functional
theory (DFT) calculations as having predictive power for find-
ing new high-temperature superconductors in the pressurized
hydrides. Theoretical structure calculations and experimental
studies have since adopted several structures for H3S, includ-
ing the R3m, Im3m, and Cccm phases [10,13,15-21], but the
interpretation of x-ray data has favored the Im3m phase for
the high pressures involved.

The record-breaking discovery of very high 7, in H3S has
encouraged further efforts in the search for room-temperature
superconductivity in pressurized hydride materials. Several
superconducting hydride materials have been predicted, in-
cluding MgH, with 7. = 271 K at 300 GPa [22], CaHs with
T. = 235 K at 150 GPa [23], and YHe with 7, = 264 K at
120 GPa [24]. Interestingly, two independent first-principles
structure search studies revealed some stable H-rich clathrate
structures to be potential room-temperature superconduc-
tors [25,26]. In particular, the La-H and Y-H systems were
theoretically investigated, and some compounds have been
identified as good candidates for room-temperature supercon-
ductivity. From, the Y-H system, the structures YH4, YHg,
and YH;y were proposed [24-26], while from the La-H sys-
tem several stable compounds were identified: LaH3, LaHy,
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FIG. 1. (a) The conventional unit cell of the Fm3m crystal
structure of LaH,;, where the red balls represent the La atoms in a
fcc structure and the green balls are the hydrogen atoms. (b) The
hydrogen atom arrangement shown separately.

LaHs, LaHg, and LaH;o. Most notably, YH;o and LaH;g
were considered the most likely structures to exhibit possible
room-temperature superconductivity, where the 7, ~ 303 K
at 400 GPa [26] for YH,g and T, ~ 274-286 K at 210 GPa
for the Fm3m phase proposed for the LaHy. As a result,
the La-H system became of interest, with studies propos-
ing LaH|( to be thermodynamically stable above 150 GPa.
Indeed, the lanthanum compound was synthesized [27] and
two groups have reported near-to-room-temperature super-
conductivity with 7, ~ 260 K at 190 GPa [28] and T, ~
250 K at about 170 GPa [29]. This is the highest 7, that has
been reported to date. Various structures and compositions
have been suggested for the superconducting La-H system
including P6/mmm for LaHs [30] and R3m, C2/m, and
Fm3m for the LaHy composition. However, recently Errea
et al. [31] have shown that the Born-Oppenheimer energy
surface with classical treatment displays many local minima
and by including quantum effects all these phases collapse to
a single phase, Fm3m, which is highly symmetric (see Fig. 1).

In this work, we report results from first-principles cal-
culations based on DFT and Migdal-Eliashberg theory to
evaluate 7, and other superconducting properties of LaH .
In particular, we focus on studying the most promising can-
didate structure proposed for LaH;o, the Fm3m phase. We
emphasize the finite-frequency optical conductivity which is
related to reflectance. The latter is a technique accessible to
experiment in high-pressure cells and has been used with
success in H3S [32]. It can be used to identify important
fundamental information about superconductivity such as the
binding energy of electrons in the superconducting condensate
and the mechanism for binding, which for conventional su-
perconductors is the electron-phonon interaction. Moreover,
it has been proposed that it can provide an independent
measurement of 7, for the pressurized hydrides [33].

The structure of our paper is as follows. In Sec. II, we
begin by calculating the electronic band structure and density
of states, illustrating the Fermi surface. This is followed
by a calculation of the phonon dispersion curves and the
phonon density of states in the harmonic approximation.
These are then used further to calculate the electron-phonon
interaction shown in Sec. III. Proceeding to the calculation of
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FIG. 2. Calculated electronic properties for LaH;, at 210 GPa:
(a) the electronic band structure and the density of states (DOS) and
(b) the Fermi surface. Each band crossing the Fermi level Er in (a) is
given a color which corresponds with the piece of Fermi surface with
the same color in (b).

superconducting properties in Sec. III, we calculate T, the
functional derivative, the isotope effect, and the important
Bardeen-Cooper-Schrieffer (BCS) ratios for the energy gap,
the specific heat jump at 7., and the thermodynamic critical
field. We then proceed to the calculation of the temperature-
dependent superfluid density (or inverse square of the penetra-
tion depth) followed by the finite-frequency optical conductiv-
ity and reflectance. To examine the influence of anharmonicity
on these properties, we also provide comparison calculations
based on an anharmonic spectrum taken from Errea ef al. [31].
We provide our final summary in Sec. IV.

II. ELECTRONIC AND PHONONIC PROPERTIES

We begin by addressing the electronic and the phononic
properties, as well as the electron-phonon coupling. It has
been suggested that the LaH ;o F'm3m phase has a wide pres-
sure range for dynamic stability, down to about 210 GPa for
harmonic phonon calculations [25] and lower for anharmonic
quantum calculations [31], in the range where superconduc-
tivity has been observed. Consequently, we have calculated
the electronic band structure and density of states for LaH
at 210 GPa [Fig. 2(a)]. Full structural optimization, electronic
band structure, density of states, and Fermi surface calcula-
tions were performed within DFT using the ABINIT code [34]
with 1- and 11-electron Hartwigsen-Goedeker-Hutter pseu-
dopotential [35] for H and La, respectively, and the local den-
sity approximation (LDA) by Teter-Pade parametrization [36],
and a plane-wave expansion with 50 Ha cutoff and a k-
point grid for self-consistent calculations as large 24 x24 x 24.
These dense k-point grids are sufficient to ensure convergence
for enthalpies to better than 1 meV/atom. The symmetry
information of the LaH;y Fm3m phase and the calculated
x-ray diffraction obtained after performing full structural op-
timization at 210 GPa can be found in Table S1 and Fig. S1,
respectively, of the Supplemetal Material [37]. The electronic
band structure indicates that LaH;y at 210 GPa is a good
metal, which is consistent with previous calculations reported
at 300 GPa [25]. As was expected, the partial electronic den-
sity of states (Fig. S2 [37]) indicates that the La contribution is
greater than H. There are four bands crossing the Fermi level
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and the Fermi surface is shown in Fig. 2(b) in colors which
correspond to each of the four bands. The Fermi surfaces
of bands 10, 12, and 13 are quite simple while the Fermi
surface of band 11 is quite complicated. Similar pictures are
also found in Ref. [38] which discusses the possibility of
multiband superconductivity associated with different Fermi
surfaces.

The density of states at the Fermi level, N(Er), has a
large number of states, 11.85 states/Ry, which is larger by
factors of 1.18 and 1.58 than fcc LaHo and H3S reported at
300 GPa [25] and 200 GPa [17], respectively. This variation
with pressure is consistent with the recent finding by Errea
etal. [31] that the density of states at the Fermi level decreases
with increasing pressure. A close-up view of our calculation
of the electronic density of states near the Fermi level (Fig.
S3 [37]) shows a peak in the density of states just below Ef,
which likely has its primary origin in the flattening of band 11
near the L point. A large density of states at the Fermi level is
favorable for superconductivity.

Now we discuss the phonon characteristics, as they play an
important role in electron-phonon-mediated superconductiv-
ity. We have performed phonon calculations for the Fm3m
phase for LaH;y at 210 GPa, in a pressure region where
measurements confirm a very high 7,. The phonon and the
electron-phonon-coupling (EPC) calculations were performed
with density-functional perturbation theory (DFPT) [39] and
the harmonic approximation as implemented in the ABINIT
code [34] with the same parameters as in the DFT calcula-
tions. The dynamical matrices were calculated initially on uni-
form q-point meshes, from which interatomic force constants
are obtained and used to interpolate the phonon dispersions
over the entire Brillouin zone. The phonon band structure and
density of states for the q-point grid was tested until conver-
gence was achieved. It was found that a 6x6x6 grid was
required. The EPC implementation in the ABINIT code [34]
is similar to that implemented by Liu and Quong [40] and
Savrasov [41].

The phonon band structure and density of states for the
LaH,y Fm3m phase is shown in Fig. 3 and they are similar to
previous calculations at 300 GPa [25] where the generalized
gradient approximation (GGA) was used. This highlights
that both GGA and LDA provide a consistent description of
vibrational properties of the LaHy Fm3m phase. It is clear
from this that the phonon frequencies have a weak depen-
dence on increasing pressure, which indirectly might imply
a weak dependence of T, on pressure [29,31]. The highest
phonon frequency for LaH,q at 210 GPa is at ~2190 cm ™! or
~272 meV (Fig. S4 [37]). The very lowest phonon branches
result from the heavy-mass lanthanum phonon modes and the
rest of the dispersion curves at higher frequencies are due to
the lighter-mass hydrogen. The role of the lanthanum appears
to be that of providing conduction electrons and also caging
the hydrogen to provide a shorter H bond length than normal.
The La-La bond length in the fcc structure underlying LaH |
(Table S1, Figs. S5 and S6 [37]) is typical of ordinary pure
metals at ambient pressure but the shortened distance between
the hydrogen is not. Rather, the shortest H-H distance in
LaH;o at 210 GPa (Figs. S5 and S7 [37]) is 1.084 A, which
is more consistent with the prediction of Ashcroft for metallic
hydrogen at a pressure near 500 GPa [1]. The shortest La-H
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FIG. 3. Calculated phonon properties for LaH;, at 210 GPa:

(a) the phonon dispersion curves and (b) the phonon density of states
(PDOS).

distance is 2 A (Fig. S8 [37]). As a result, the La cage might
be viewed as assisting in shortening the H-H distance so that
the 500 GPa needed for pure metallic hydrogen is now only of
order 200 GPa for metallic behavior.

Finally, we note that our calculation of the harmonic
phonon dispersion curves at 210 GPa does not show any
unstable modes. Interestingly, Errea et al. [31] have reported
that unstable modes appear in the harmonic approximation at
pressures below ~230 GPa and that including anharmonicity
is required to stabilize this structure below 230 GPa. We have
investigated this matter further. The pressure where the har-
monic approximation breaks down may be varied depending
on the choice of some DFT parameters, including the type
of exchange correlation and pseudopotential [42]. We have
produced a result with unstable modes when we used har-
monic calculation parameters similar to Ref. [31]. To examine
the quality of the harmonic electron-phonon spectral function
used in this work and the influence of anharmonicity, we
have included comparison calculations, where an anharmonic
electron-phonon spectrum from Errea et al. [31] is used as
input.

III. SUPERCONDUCTING PROPERTIES

We now continue on to the electron-phonon coupling
and emphasize its contribution to superconducting proper-
ties. We have used our calculation of the electronic struc-
ture and phonon dispersion curves to calculate the electron-
phonon spectral function o?>F (w) which enters the Migdal-
Eliashberg theory of superconductivity and is the pairing
“glue” for Cooper pairs in conventional superconductors [43].
The aF (w) is shown in Fig. 4(a), where we see that it looks
much like the phonon density of states from Fig. 3(b) but with
modified strength as a function of energy due the variation of
the electron-phonon coupling vertex.

In the following, this a?F (w) was used in our calculations
of superconducting properties which are based on numerical
iteration of the nonlinear coupled Migdal-Eliashberg equa-
tions for the real-frequency complex gap function A(w, T)
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FIG. 4. (a) a*F(w) for the Fm3m phase of LaH), at 210 GPa.
Also shown is the functional derivative §7./8a>F (w) as a function of
energy w which indicates which of these energies are more effective
for raising 7.. This curve has been scaled up by a factor of 15.
(b) T.(w)/T, versus w as well as electron-phonon renormalization
parameter A(w)/A and area A(w)/A.

and complex renormalization function Z(w, T') [43—45]. The
linearized imaginary-frequency-axis equations based on Mat-
subara frequencies w, were used to calculate 7.. Then the
coupled nonlinear imaginary-axis equations were used to
calculate thermodynamic properties for temperatures below
T, [43,44]. An analytic continuation procedure was then
used to evaluate the real frequency gap and renormalization
functions from the imaginary-axis solutions [46]. The real-
frequency-axis quantities then allowed for the energy gap
and other transport properties to be obtained. The finite-
frequency conductivity was evaluated based on formulas in
Refs. [44,47] and the reflectance was calculated following the
prescription given in Ref. [32]. The formalism is lengthy to
write down and has been presented in the literature numerous
times (consequently, for formulas and further descriptions see
Refs. [43—45]). We emphasize results and discussion here.

A. The critical temperature

We begin by discussing the characteristics of this spectral
function and the features which have an impact on increasing
the T,. Using the o>F (w) spectrum in the linearized form of
the Migdal-Eliashberg equations on the imaginary frequency
axis [43,45] and iterating these equations, we may obtain 7,
for a particular choice of Coulomb pseudopotential parameter
w* or, alternatively, we can fix the value of 7, and iterate for
w* [43]. Historically, it has been typical to choose the p* to
give the experimental T;.. Once p* is fixed, then all other su-
perconducting properties follow with no free parameters. For
atypical value of u* = 0.128, we match the 7. = 237.9 K that
is found for an anharmonic calculation of o*>F (w) including
quantum corrections at a similar pressure [31] (designated as
the Errea spectrum). This is also close to the experimental
T, for this pressure. This allows us to make comparison

TABLE I. Summary of quantities calculated using two indepen-
dent &> F (w) spectra and fixing 7, = 237.9 K.

Errea spectrum Our spectrum

(anharmonic) (harmonic)
(214 GPa) (210 GPa)

w* 0.15 0.13
A 2.02 2.16
A (meV) 133 130
wy, (meV) 113 102
T./A 0.155 0.157
T./wn 0.18 0.20
Isotope coeff. B 0.484 0.489
Ag (meV) 49 31
2Ao/ksT, 4.78 4.93
AC(T)/yT. 297 291
yT?/H?*(0) 0.131 0.130

with an alternative calculation of «?F (w) as we calculate the
superconducting properties of LaH;y. Indeed, in Table I, we
list the comparison of results from our spectrum with those
that we have calculated from the Errea spectrum.

In Fig. 4(a), we show the functional derivative of 7, with
respect to a>F (w); this quantity indicates which frequencies
in the spectrum are more important for increasing 7.. While
the curve is entirely positive, indicating that adding more
weight in the spectrum at any frequency will increase T,
it is clear that the broad maximum in this spectrum favors
the region where we find the hydrogen phonons and that
the low-frequency La phonons have very little effect on the
T.; indeed our calculations show that they only contribute a
few degrees to T.. Consequently, the large 7, is due to the
electrons coupling to hydrogen phonons, as expected from
simple arguments that 7;. should scale with phonon frequency.
Similar results have been recently analyzed by others, for
example, in Refs. [48,49].

Isotopic substitution is a classic experiment to confirm
the electron-phonon interaction as the underlying mechanism
for superconductivity. The isotope experiment, where the
hydrogen is replaced with deuterium, was done and the T
was found to be reduced [29]. This can be viewed as a mea-
surement of the total isotope effect, to good approximation,
given that the La phonons play little role in 7. If the La had
been important, then the deuterium substitution could only be
viewed as giving a partial isotope effect [43]. Simple BCS
theory predicts 7. o« M~#, where M is the ion mass for a
monatomic crystal and the isotope effect coefficient 8 = 0.5.
However, in Migdal-Eliashberg theory, which is the extension
of BCS theory to include the details of the electron-phonon
interaction, the isotope coefficient is more complex. It can
be reduced significantly from 0.5 with finite ©* and even be
negative in value, as has been seen in experiments on con-
ventional superconductors. For u* = 0, B = 0.5 regardless of
the a’F (w). Here, we have calculated the the total isotope
effect coefficient to be 0.489 in Eliashberg theory using the
functional derivative method of Rainer and Culetto [50]. Our
value is in reasonable agreement with experiment, which finds
0.46 at 150 GPa [29], and with other theoretical calculations
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FIG. 5. T./A versus n*. The green curve with circles is the upper
bound allowed by Migdal-Eliashberg theory. The black points are
the data points for many conventional superconductors as tabulated
in Ref. [43] based on primarily a>F (w) spectra measured in ex-
periment via tunneling inversion. The red stars are the values for
LaH,( using the spectra discussed here. The dashed and dotted
curves are calculated with these same two spectra (anharmonic and
harmonic, respectively), fixing the area A and varying the p*. This
plot demonstrates that the LaH;( spectra are nearly optimal.

showing the pressure dependence of the coefficient [51]. Our
calculation includes the low-frequency La-based phonons but,
even when we remove those phonons to do the partial isotope
effect due to hydrogen only, the coefficient barely changes, as
expected from the functional derivative.

In Fig. 4(b), we also show the A(w) curve commonly ex-
hibited with o> F (@) spectra in the literature. A is the electron-
phonon mass renormalization parameter and is calculated us-
ingA =2 fooo dwa’F (w)/w. This parameter, which is 2.16 for
our spectrum, is very important in the theory and is often taken
as a measure of the electron-phonon interaction, appearing in
simplified 7, equations, such as the McMillan equation [52] or
the Allen-Dynes equation [53]. A more significant parameter
for T, is the area under the o’F(w), A = [;° dwa*F (o).
Shown here is the partial integration of A as a function of
energy w, i.e., Alw) = 2wa anzF(Q)/Q, normalized to A.
In comparison, we show the integrated area of the a’F (w)
and the 7, values calculated using just the lower part of the
spectrum up to that energy. One sees that the 7. tracks the area
under o?F () more closely than the A. Indeed, it has been
discussed in the past that there is an important relationship
between the area and 7, with an upper bound on 7. /A provided
by general Eliashberg theory [54,55]. This is shown in Fig. 5,
where the upper bound of 7, /A is plotted as a function of u*
as the green curve with open circles [54]. Shown are black
points from the spectra and data of many conventional su-
perconductors [43]. These points always fall below the upper
bound. The open and solid red stars are for our harmonic
spectrum and the anharmonic Errea spectrum, respectively.
The red curves are for the fixed o’F(w) spectrum, where
we vary p* and therefore the 7. (dashed and dotted curves
for anharmonic and harmonic curves, respectively). It is clear

that both spectra for LaH( are near the upper limit and this
means that they are highly optimized in their electron-phonon
interaction for the highest 7, possible given the repulsive
Coulomb potential parameter p*. Similar results were found
for pressurized H3S [56]. Recently, Quan et al. [48] have also
analyzed results for various hydrides and find good agreement
with the area correlating with 7.

B. BCS ratios

Another important parameter defining the o?F (w) spec-
trum is a particular moment of the spectrum called wy, =
2/1) f0°° dwa®F (w) In(w)/w [53]. This is treated as a typical
average phonon frequency, replacing the Debye frequency.
Over a number of years of intense study of the Eliashberg
equations with both numerical and experimental data, the ratio
T./wn has been identified as one of the best measures of
strong electron-phonon coupling in conventional supercon-
ductors and simple formulas have been developed using this
parameter [43,57,58]. Here, we find T./wi, = 0.2, which is
much stronger coupling than the famous “bad actors” Pb and
Hg, and is more typical of Pb-Bi alloys. The Errea spectrum
gives a similar value of T./wj, = 0.18. The simple formulas
for the famous BCS ratios which are based on this parameter
begin to break down by this value. Indeed, another recent
calculation [30] found a spectrum with a value of 0.3. This
is quite extreme for conventional superconductors and only
amorphous Bi is listed as having this value. These authors
used the simple formulas for calculating the ratios but in this
regime the full numerical theory can give quite significant
deviations [43]. We have calculated the three classic BCS
ratios for the energy gap 2A(/kpT, the specific heat jump
at the phase transition, AC(7;)/y T., with y, the Sommerfeld
constant, and the thermodynamic critical field H, at zero
temperature, y 7,2 /H?(0), using the full Eliashberg equations
which includes numerical analytic continuation from the
imaginary-axis-equation results to the real axis in order to
determine the energy gap Ag. These ratios are listed in Table I
and we also provide the classic plots of these ratios versus
T, /wm, which are shown in Fig. 6. The dashed curves are the
simple analytic formulas which were derived as a functional
form from Eliashberg theory and then had the coefficients
fitted to the numerical and the experimental data in existence
at the time. The fits are best at low 7./wy,. We have also
included data from many conventional superconductors taken
from Ref. [43], some of which are labeled. In the limit of
T./wn — 0, the BCS values are recovered. Aluminum is a
classic weak-coupling BCS superconductor and Pb is a well-
studied example of a strong-coupling superconductor. The
blue stars are from a prior calculation by one of us [56]
for H3S, where both harmonic [16,59] and anharmonic [16]
phonon spectra were used. The red stars are for our spectrum
and the Errea spectrum for LaHo. One sees that even at this
value of T./wy, there are deviations from the approximate
formula, but nonetheless, LaH;y is still within the realm
of conventional s-wave, electron-phonon-mediated supercon-
ductivity. The deviations between the harmonic versus the
anharmonic spectrum reflect that the anharmonic one has
the hydrogen phonons pushed to slightly higher w, which
increases wy,.

024501-5



S. F. ELATRESH, T. TIMUSK, AND E. J. NICOL

PHYSICAL REVIEW B 102, 024501 (2020)

(a) ; b (c)
Phy osBiy 55 ,( ) ﬁf A
/ 3 }; 0.165/-\
L LaH ? \
5 (haar)m ‘«;. 7 1
24 o
HS 2.75F / 3
PR
o S S }
LaH
Ph /I;\ (:nhﬂ" 25F r % . A
o455k VAN |_° / ©0.15- <
= 7 Nb. Sn| > |e P \
m / 3 = %)
x ) NS ©2.25 he T \
= 3 = / I 4
< /e (aih) o ° o .
[\ o / =
£ 1S 3 > \
Nb\ / V,Ga ¥
4r / / 0.135F ‘%_
In_g 1750 & AN
; e
s do
/ 1507 o]
3.5l
Il Il Il Il 0 12 Il Il
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
TJo, TJo, TJ/o,

FIG. 6. The three main BCS ratios as modified by strong
electron-phonon coupling measured by T./wn: (@) 2A¢/ksT.,
(b) AC(T.)/yT., and (c) )/TC/HCZ(O). For T./wy, — 0, we recover
the weak-coupling BCS limit of 3.53, 1.43, and 0.168, respectively.
The solid black points are the results for various conventional super-
conductors taken from Ref. [43]. The red stars are our calculations
for LaH,( and the blue stars are from previous calculations [56] for
H;S (open and solid stars for the harmonic and anharmonic spectra,
respectively).

C. Optical properties

We now turn to a discussion of optical properties. The rea-
son for focusing on this quantity is twofold. First, the hydrides
are in diamond anvil cells under high pressure and this limits
the type of experiments which can be performed on these
new materials in order to verify theories about them. It has
already been shown that optical experiments can be success-
fully performed on these materials as was done for H3S [32].
Second, the optical response is a spectroscopy and this can
provide essential information about the superconducting state.
Indeed at low photon energy, one can measure the energy gap
and, at higher photon energy, one can derive information on
the electron-phonon interaction and confirm coupling to high-
energy bosons. Moreover, a recent proposal [33] demonstrates
a method to provide an independent measure of 7. at high
photon energy.

In Fig. 7, we show the absorptive part of the conductivity
47 Reo (w)/w} as a function of photon energy w. Here, wp
is the plasma frequency. Curves are shown for the low tem-
perature 7 /T, = 0.1 (solid curves) and the normal state at 7
(dashed curves). A comparison has been made between the
harmonic and anharmonic spectra, red and blue curves, re-
spectively, and there is very little difference. We have assumed
an elastic impurity scattering rate of 100 meV. The opening
of an energy gap in the superconducting state manifests itself
as zero absorption up until 2Ay ~ 100 meV, at which point
the conductivity rises sharply due to impurity scattering in the
system. This region of zero absorption can be used to measure
the energy gap [60]. The dip in the absorption reflects struc-
ture which can be traced back to energy dependence of the
o?F (w) spectrum shifted by 2A. Such structure can be used
to extract the o>F (w) [61]. The fact that the main difference
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FIG. 7. The real part of the conductivity 47 Reo (w)/w? as a
function of photon energy w. The solid curves are for low temper-
ature 7 = 0.17, and the dashed curves are for T = T..

between the harmonic and anharmonic spectra occurs in this
region illustrates this point as this is the only place where the
slightly different energy dependence of the two spectra would
manifest. The inelastic scattering due to the electron-phonon
interaction gives rise to a large bump in the conductivity which
overshoots the normal state, primarily reflecting a shift in
such structure with the opening an energy gap upon going
from the normal to the superconducting state [33,62]. The
stronger variations in the superconducting state over the nor-
mal state are a reflection of the square-root singularity in the
superconducting quasiparticle density of states which enters
the evaluation of the conductivity [44,45,47]. The loss in
spectral weight at low energy is found in the superconducting
condensate and is represented by the superfluid density shown
in Fig. 8 related to the inverse square of the penetration depth

1
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FIG. 8. Superfluid density or the square of the inverse penetra-
tion depth A.(T) versus T/T.. The two LaH,, spectra show classic
strong-coupling effects beyond the BCS curve but otherwise are
virtually the same.
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FIG. 9. Reflectance versus w for various temperatures t = T /T
in the superconducting state. The inset shows the reflectance as a
function of temperature for a fixed photon energy of 450 meV. The
blue curve below 7. is the superconducting state and the dashed red
curve is the normal state result that would be measured in the absence
of superconductivity.

AL(T). Here we find that the superfluid density shows the
classic temperature dependence of a strong-coupling super-
conductor where the curve is higher than the BCS one. Both
anharmonic and harmonic spectra give essentially the same
result here. The penetration depth can be measured from the
optical response via the imaginary part of the conductivity for
o — 0. Note that the imaginary part of o is related to the
real part via Kramers-Kronig relations. Finally, returning to
the real part of the conductivity in Fig. 7, the bump up at high
energy here is quite large and its temperature dependence can
be used to measure the 7, because the bump will reduce and
shift to lower w as the energy gap closes with increasing 7,
while the normal state conductivity will increase in width with
temperature.

To best understand this last point, we move to the re-
flectance. While both the complex conductivity and the re-
lated complex reflectance can be calculated theoretically and
measured via experiment, it is the reflectance that is the
directly measured quantity. The phase of the reflectance must
be obtained through Kramers-Kronig relations but once this is
known, there are simple formulas that provide the connection
to the real and imaginary parts of o through the complex
dielectric function. In Fig. 9, we show the reflectance that
we have calculated for our spectrum at a large number of
temperatures from close 0.17; to 0.9957, using wp = 31 eV
and correcting for the diamond refractive index. The perfect
reflection at low temperature and frequencies up to 100 meV
identifies the energy gap 2Ay. The strong variation in the
region of 300—-600 meV is where the temperature dependence
is moving upwards whereas in the normal state it would

move downwards. If we fix at a particular photon energy (in
this case 450 meV) and plot the reflectance as a function of
temperature, we have the blue curve shown in the inset, which
shows a cusp at T, as the temperature dependence changes
behavior from the superconducting state to the normal state.
The dashed red curve is that for the normal state shown down
to zero temperature, if superconductivity is suppressed. This
cusp feature in the reflectance at fixed w can be used as an
additional noncontact method to determine 7;. [33]. Moreover,
as these materials are in a diamond anvil cell in order to be at
high pressure, optical measurements are one of the few probes
available under these conditions and this range of photon
energy is above that where there would be a strong obscuring
response due to the diamond in the pressure cell. This has yet
to be tested but successful optical measurements in this energy
range were performed on pressurized H3S to confirm coupling
to a high-energy boson for superconductivity [32] and so we
are confident that this experiment is possible and estimates
indicate that it should be.

IV. CONCLUSIONS

In summary, we have used a combination of first-principles
DFT calculations and Migdal-Eliashberg theory to study the
mechanism of superconductivity in LaH;o, which has the
highest known T.. We have demonstrated that the large 7, is
driven by the coupling of the electrons to hydrogen phonons
and that the La contribution to 7 is small. We have provided
a thorough discussion of the nature of 7., resulting from a
mechanism which is highly optimized in this material, and
have shown where LaH;, sits in relation to conventional
electron-phonon superconductors in terms of strong-coupling
parameters and the classic BCS ratios. Finally, we have high-
lighted the optical properties, in particular, as a means to
determine the energy gap and the superconducting mecha-
nism, and independently confirm 7;.. Measurement of optical
properties on pressurized H3S has demonstrated the potential
for success of this technique and its ability to confirm our
predictions.
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