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High-temperature superconductivity in LasH,3; below 100 GPa
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High-temperature superconductivity has been observed in binary hydrides such as LaH;, at pressures close
to 180 GPa, whereby hydrogen cagelike structures have been identified as a common motif beneficial for high
critical temperatures 7. Efforts are now focused on finding hydride high-temperature superconductors at lower
pressures. We present evidence for high-temperature superconductivity in binary La,Hy; at a pressure of P =
95 GPa, with A15-type arrangement of the lanthanum atoms in the type-I clathrate structure. We synthesize
LasHy; from a lanthanum film capped with a palladium catalyst promoting the dissociation of hydrogen. In
resistance measurements, we observe superconductivity with a transition temperature 7, ~ 90 K. The A15-type
lanthanum sublattice is identified in x-ray diffraction on the same sample, in agreement with previous x-ray
diffraction and structure prediction studies. Our study reinforces the favorability of cagelike networks of the

hydrogen lattice for high-temperature superconductivity.

DOI: 10.1103/PhysRevB.109.L.020503

Introduction. High-temperature superconductivity up to
250K has been reported and independently confirmed in cu-
bic Fm3m LaH|q at pressures of around 180 GPa [1,2]. In
LaH;o and other hydride high-temperature superconductors,
clathratelike cages of hydrogen atoms surrounding each metal
atom have been identified as a common structural motif [3,4].
Recent efforts have been devoted to finding high-temperature
superconducting phases at lower pressures [4]. Notably, the
high-T. phase discovered in the La-Ce-H ternary system could
be stabilized at moderate pressures around 100 GPa [5]. A
recent x-ray diffraction (XRD) study has identified the type-I
clathrate structure in binary lanthanum hydride (space group
Pm3n) with the empirical formula LasH,3 [6]. The structure
features clathratelike hydrogen cages and hence is a strong
candidate for superconductivity.

The type-I clathrate structure of LasH»3 comprises cage-
like networks of hydrogen atoms around a cubic arrangement
of the lanthanum atoms, as illustrated in Fig. 1(d). In this
structure, the lanthanum atoms occupy the 6¢ and 2a Wyckoff
sites in an A15-type arrangement, while the hydrogen atoms
are predicted to adopt a Weaire-Phelan structure comprising
two distinct hydrogen cagelike structures [7], namely, Hyg
dodecahedra and H,4 tetrakaidecahedra, as shown by the
green and orange cages, respectively, in Fig. 1(d). The hydro-
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gen atoms feature bond lengths in the range ~ 1.1 to 1.3 A that
is favorable for high-temperature superconductivity [8]. This
bond length is much larger than in hydrogen molecules at this
pressure and indicates a weaker bond compared to molecular
bonding [7]. Through the donation of electrons from the metal
atoms, the hydrogen antibonding bands can be populated,
leading to stabilization of the hydrogen cages and providing
an avenue for metallization and superconductivity [9]. The
weakening of the H-H bond and the formation of cages is re-
quired for hydrogen to contribute electronic states at the Fermi
energy and hence for significant electron-phonon coupling
involving the hydrogen atoms required for high-temperature
superconductivity.

Hydride compounds adopting the type-I clathrate structure
have been investigated for superconductivity in computational
studies, e.g., leading to the prediction of high-temperature
superconductivity in LiNa3H,3 [10]. Recently, superconduc-
tivity was indeed discovered in members of this structure type,
in LuyHjys at pressures above 200 GPa [11]. Furthermore,
the structure type has also been detected in x-ray diffraction
studies of Ba4H23, EU4H23, La4H23, and Y4H23 [6,7,12,13].
Hence, there is a strong interest to probe experimentally for
superconductivity in members of this structure type.

The Al5-type sublattice of LasHp3 has recently been
detected with single-crystal XRD by Laniel ef al. at pres-
sures from 96 GPato 150 GPa [6]. Laniel et al. synthesized
LasHj3 by laser heating bulk lanthanum with paraffin oil as a
hydrogen donor material. Recently, Guo et al. reported
synthesis of LasH,3; from bulk LaH; and ammonia bo-
rane (AB, NH3BHj3) [14]. Furthermore, Guo et al. detected
superconductivity in their samples of LasH,; in resistance
measurements. Here, we present the synthesis of LasH,3 at
95 GPa from a thin film of lanthanum capped with palladium

Published by the American Physical Society
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FIG. 1. Detection of LasH,; in x-ray diffraction at 95 GPa. (a) Rietveld and Le Bail refinements of LasH,; to the observed XRD pattern
shown by the solid red and gray lines, respectively. Data between 11° to 13° are dominated by residual elemental lanthanum in the orthorhombic
Fmmm phase and gold in the cubic Fm3m phase originating from the electrodes. No La,H,; reflections are expected in this range. Unassigned
reflections at 9° and 10° are marked with an asterisk (). (b) Azimuthal (cake) plot representation of the area detector image in grayscale
with background correction to enhance contrast (details in methods). High and low intensity are represented in white and black, respectively.
Sample reflections appear as white vertical lines, with each phase indicated by the arrows with the same color code as in (a). (¢) Unit-cell
volume as a function of pressure for the LayH,; phase including data from this work, and that of Refs. [6,14]. (d) Picture of the ideal type-I

clathrate structure of LayH,; generated using VESTA [18].

and using NH3BHj3 as a hydrogen donor. The palladium cap-
ping layer prevents oxidation of the lanthanum film and acts
to facilitate hydrogenation of the film on laser heating [15].
We detect the formation of LasH,3; with XRD measurements
and superconductivity through four-point resistance measure-
ments including the characteristic suppression in magnetic
fieldsup to 12 T.

Synthesis of LasHj3. The successful synthesis of LasHys
is evident from our x-ray diffraction in Fig. 1. We observe
characteristic reflections in the range 7.5° < 260 < 10° and
13.5° < 20 < 16° that are best assigned to the LasH»3 phase.
Besides the LasH,3, we also observe peaks from elemental
lanthanum (F mmm) and gold (Fm3m). The former is residue
from the synthesis of LasH3, while the latter originates
from the electrodes used for our resistance measurements. We

can rule out several other phases including /4/mmm LaH4,
P63 /mmc LaHg, and C2/m LaH, that have been reported
for the La-H binary system (see Figs. S1-S3 of the Supple-
mental Material [16]). We can also rule out the formation
of Fm3m LaBHjg [17] as well as the carbohydride impurity
P63 /mmc LaCH, reported by Laniel ef al. at 96 GPa [6] (see
Figs. S4 and S5 of the Supplemental Material [16]).

The XRD data reveal a homogeneous LasHj3 sample with-
out preferred orientation of its crystallites. This is visible from
both the azimuthal representation of the detector image in
Fig. 1(b) and the analysis of the angle-integrated XRD pattern.
The detector image shows continuous vertical lines associated
with LasHj3 [red arrows in Fig. 1(b)] without significant spots
indicating a large ensemble of grains in a polycrystalline
sample. At the same time, the angle-integrated XRD pattern
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FIG. 2. Detection of superconductivity in LasH,3 and resistance
measurements on subsequent cooling runs. In each case, cooling
and warming measurements are indicated. The value of 7, was de-
termined at the onset of superconductivity from the intersection of
linear fits to the normal and superconducting states, shown by the
dashed line in the third thermal cycle. Cool-down and warm-up 1 and
2 were collected shortly after laser heating. Cool-down and warm-up
3 were recorded after the XRD measurements. The absence of data
between 220 K and 235 K in warming cycle 1 was due to a glitch in
the data acquisition. The step change in the resistance observed at
~260K in warming cycle 3 was due to an unintentional pause for
several hours.

exhibits peak intensities as expected for a powder average
[Fig. 1(a)]. Indeed, we are able to fit the observed XRD pattern
with a Rietveld refinement of LasH,; without any preferen-
tial orientation, only invoking strain to reproduce the peak
broadening.

The lattice constants extracted from Rietveld refinement
provide confidence in the assignment of the LasH,3; phase
with an A15-type La sublattice and suggest a large hydrogen
content close to the stoichiometric ratio La:H = 1:5.75 for
the LasHy; phase. The lattice parameters [a = 6.191(4) A,
volume per La atom = 29.66(8) A3] are in good agreement
with previous reports and close to the predicted equation of
state (EoS), as shown in Fig. 1(c) [6]. The comparison with
the EoS suggests a stoichiometric LasH,3 composition. How-
ever, some uncertainty remains for this indirect method of
determining the hydrogen content, as pointed out by Laniel
etal. [6]. In particular, we cannot exclude vacancies on the hy-
drogen lattice and have limited resolution to detect the subtle
modifications of the metal sublattice that might be associated
with hydrogen vacancies [7].

High-temperature superconductivity in LasHy3. The resis-
tance measurements presented in Fig. 2 provide evidence for
high-temperature superconductivity in LasH,3;. Immediately
after laser heating, we observe a pronounced drop in the resis-
tance with an onset at 7, = 86 K and reaching zero resistance
within the resolution |R — R,|/Rn < 1 x 1073 of our exper-
iment below 60 K, where R, is the resistance of the normal
state. The measured value of 7; is in very good agreement
with that of Guo et al., where palladium was not used as
part of the synthesis [14], thus ruling out superconductivity

originating from a thin PdH, layer and providing confidence
in our assignment of 7. to the LayH,3 phase. We have repeated
resistance measurements several times, including before and
after XRD measurements, and find the superconductivity to be
stable with a slight increase to 7. = 95 K between subsequent
measurements. We attribute this increase to annealing of the
sample at room temperature, similar to reports on H3S [19].

The normal state resistance shows indications of phase
instabilities, which we assign to decomposition exhibiting
activated behavior. If warming the sample above 250 K, the
sample resistance increases as a function of time, as illus-
trated in Fig. 2. This manifests as an initial increase during
cool-downs and further increase during warm-up. Only below
250K do cool-down and warm-up agree, where we observe
metallic behavior in the sample immediately after laser heat-
ing (thermal cycles 1 and 2).

The changes to the sample also induce a fundamental
change from metallic to nonmetallic over time. Over multi-
ple warm-ups to above 250 K, the resistance changes from
metallic (dR/dT > 0) to nonmetallic (dR/dT < 0). A similar
change from metallic to nonmetallic has been observed by
Guo et al. after laser heating and in subsequent decompression
runs. In our study, the pressure before and after laser heating
remained the same within our uncertainty of £5 GPa. There-
fore the change in the normal state could originate from either
smaller changes in pressure (< 5 GPa) and/or could be time
dependent. Equally, the broadening of the superconducting
transition and the loss of zero resistance reported by Guo
et al. upon decompression to below 100 GPa may be related
to sample decomposition.

The combination of increasing resistance and change to
nonmetallic behavior suggests that part of the sample slowly
transforms to a semimetallic or insulating material. In our
sample, we have detected LasH,3 and elemental La with
XRD, both of which may form part of the electrical path
sampled by our resistance measurements with LasHj3 provid-
ing at least a percolative path supporting zero resistance of
the high-T; state. Hence, the increase in resistance with time
above 250K could be a conversion of either LasH»; or La
to a semimetallic or insulating phase, e.g., LaH3, which has
been reported to become semimetallic at high pressures [2].
We argue that LayHjs is converting because Guo et al. observe
a very similar change from metallic to nonmetallic, but do not
have elemental lanthanum in their pressure cell. We note that
LaH3 has been ruled out as a high-7. material [2] and could
remain undetected in XRD in the presence of LasHjs (see
Fig. S6 of the Supplemental Material [16]). In our sample,
the volume fraction of LasH,3, while decreasing, retains a
full path to detect zero resistance during the course of our
measurements, while in the study of Guo et al., the nonzero
resistance below 100 GPa suggests that a larger portion of the
sample has transformed to a semimetallic state.

The change in resistance may be related to the thermo-
dynamic instability found in density functional theory (DFT)
calculations by Guo et al. [14]. At 100 GPa, the DFT predicts
that LasHj3 is above the convex hull by a small energy, which
could lead to disintegration with an activation energy. In addi-
tion, the presence of imaginary phonons suggests dynamical
instability of the phase in the harmonic limit. The observed
presence of LasH»;3 in the studies by Laniel, Guo, and in the
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FIG. 3. Superconducting critical field of LayHy;. (a) Temperature sweeps for different magnetic fields. The value of 7. was determined at
the onset of superconductivity, as shown by the dashed line for the 12T curve. (b) Temperature dependence of the upper critical field with
Ginzburg-Landau (GL) and Werthamer-Helfand-Hohenberg (WHH) fits to estimate H.,(0), and a linear fit to extract the gradient near 7.

present work demonstrate that likely anharmonic corrections
arising due to quantum fluctuations of the hydrogen lattice
are necessary to stabilize the structure. Indeed, both high-T7;
hydrides LaH;o and H3S are stabilized by quantum effects
[20,21]. Further investigations are required to map the stabil-
ity range of the LasHj3 phase, including under the influence
of excess or deficiency of hydrogen in the diamond anvil cell
(DAC). So far, all reported syntheses have employed hydrogen
donor materials such as NH3;BHj3 and paraffin. It will be of
interest to check if a synthesis in excess molecular hydrogen
shows a larger stability range to lower pressures. Further x-ray
diffraction studies to probe the decomposition are equally
desirable.

The suppression of the resistive transition in a mag-
netic field provides further evidence for superconductivity in
LasHj3. The transition is suppressed by 13 K in a magnetic
field of 12 T as illustrated in Fig. 3(a).

We extract T.(H) in order to map the temperature depen-
dence of the upper critical field H.»(T'), as shown in Fig. 3(b),
where the zero-temperature value H(0) is estimated from
extrapolations of the Ginzburg-Landau (GL) and the sim-
plified Werthamer-Helfand-Hohenberg (WHH) models [22],
yielding 47T and 63T, respectively. The linear regime of
the critical field, H.»(T), can be used to estimate the zero-
temperature coherence length &, of the superconducting state
and the Fermi velocity vp of the normal state. Using the
clean-limit expression and the slope of the critical field near
T. (dH,/dT = —0.87 TK™!), we obtain & = 2.7nm. The
change of the resistance to nonmetallic indicates that the sam-
ple requires a dirty-limit expression. In the absence of direct
or indirect measurements that allow one to estimate the mean
free path, the dirty-limit expressions cannot be used to extract
&. However, the clean-limit expression still provides a good
estimate and likely only small corrections will arise from the
dirty-limit behavior. Indeed, the comparable slope of H.(T')
observed by Guo et al. suggests that both studies observe the
intrinsic behavior of LasH»s.

The Fermi velocity is estimated as vg = 1.8 x 10 ms™!.
This value is lower compared to H3S [23]. Likely, this reflects

a reduced renormalization and hence a weaker electron-
phonon coupling compared to H3S, in agreement with the
lower T.. A more accurate estimation of the renormalization
requires detailed band structure calculations based on a stable
structure.

Conclusion. The discovery of high-temperature supercon-
ductivity in LasH,3; with an A15-type arrangement of the
lanthanum atoms in the type-I clathrate structure reinforces
that cagelike networks of the hydrogen lattice are beneficial
for high-T; superconductivity. This structure type is, so far, the
prime example of how high-temperature superconductivity
can be realized below 100GPa in a binary hydride mate-
rial. The XRD analysis suggests that LasH3 is the major
phase synthesized at pressures around 100 GPa. This may help
forming pure samples in the future to study the intrinsic super-
conducting properties and hence has the potential to advance
the understanding of high-temperature superconductivity in
hydride compounds.

Methods. High pressures were achieved in a DAC ma-
chined from MP35N alloy, with diamond anvils of culet
diameter 50 um bevelled at 8° to a diameter of 300 um. Gas-
kets were prepared by pre-indentation of 250 um steel 301
and insulated with a boron nitride and epoxy mixture. The
insulation was indented to a thickness 30 um and a sample
space of diameter 28 um was drilled. The anvil with the
sample was first coated in 50nm of alumina to provide a
thermal insulation during laser heating and to help prevent
diamond embrittlement from hydrogen diffusion. For electri-
cal measurements, five bilayer tungsten-gold electrodes were
sputtered/evaporated directly onto one of the diamond anvils.

A lanthanum film of thickness 260 nm was deposited onto
the electrodes in a vacuum ~10~7 mbar after multiple pre-
melts to remove oxide impurities from the La source. The La
film was capped with a 5nm layer of palladium to act as an
oxidation barrier and to catalyze hydrogen diffusion into the
La sample [15].

Due to the hygroscopic nature of AB, we first purified
by sublimation to remove any residual moisture and impu-
rities. Loading of the AB into the gasket indentation and
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initial cell closing were done in an inert Ar atmosphere in a
glove box with residual O, /H,O < 0.5 ppm. The sample was
pressurized to 95 GPa with NH3;BH3 serving as the pressure
transmitting medium (PTM).

The pressure was determined from the Raman shift of the
diamond edge using the Akahama scale [24] (see Fig. S7
of the Supplemental Material [16]). The unit-cell volumes
extracted from Le Bail refinement of residual lanthanum
(Fmmm) and gold (F m3m) from the electrodes are consistent
with the pressure measured using the diamond edge [25,26]
(see Fig. S8 of the Supplemental Material [16]).

The La film was characterized with resistance measure-
ments prior to laser heating (Fig. S9 of the Supplemental
Material [16]), confirming metallic behavior with residual
resistance ratio (RRR) ~ 2.5. The superconducting transition
of pure La is observed with 7. = 8.6K at 95 GPa, which
is ~1K higher than reported in previous studies [25], and
may originate from a pressure gradient across the sample
(see sample photographs in Fig. S10 of the Supplemental
Material [16]).

Synthesis of LasH,3 was achieved through heating of the
sample and hydrogen donor material AB using a 100 W
ytterbium-doped fiber laser (A = 1070 nm) [27], with mul-
tiple 300 ms pulses. Laser power was incremented after each
successive pulse until glowing was observed, indicating a tem-
perature of ~1000 K. The four-point resistance was monitored
during heating, where the normal state resistance increased by
a factor of ~20, indicating a chemical reaction between the La
film and hydrogen released from the AB. No further heating
of the sample was carried out after the first observed glowing
and resistance increase. As a result, some residual elemental
lanthanum remained as evidenced in XRD.

X-ray diffraction was carried out at the I15 extreme
conditions beam line at Diamond Light Source with Pi-
latus3 X CdTe 2M area detector, wavelength A = 0.425A

(sample-to-detector distance 385 mm). The beam was colli-
mated to 20 um. The calibrant used was LaBg¢. Integration of
the powder pattern and removal of spurious reflections were
done in DIOPTAS [28]. Background subtraction of the inte-
grated pattern and structural refinements were done in GSAS
11 [29].

Visualization of sample reflections on the azimuthal (cake)
plot in Fig. 1(b) was enhanced by performing a background
subtraction. A background image was generated using the
“Minimum Frames” function in the DAWN software [30] from
a spatial mapping performed over a 55 x 55 um? region over
the culet area. This background image was then subtracted
from the detector image in DIOPTAS and contrast adjusted to
enhance sample reflections. The integrated intensity presented
in Fig. 1(a) was subject only to a standard polynomial back-
ground subtraction of the raw integrated pattern in GSAS 1T
without any image background subtraction.

Electrical transport measurements were done in a four-
point configuration with an excitation current of 10 uA using
either an SRS SIM921 AC resistance bridge or an SR830
lock-in amplifier. Magnetic field studies were done at the
University of Bristol with a Cryogenic Ltd magnet capable
of fields up to 14 T.

Data are available at the University of Bristol data reposi-
tory [31].
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