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Superconductivity and equation of state of lanthanum at megabar pressures
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Lanthanum (La) is the first member of the lanthanoid that has recently raised considerable interest because of
its unique La superhydride LaH;( and its own superconducting properties. There has been a lack of experimental
evidence for the equation of state (EOS) and superconductivity of La at pressures exceeding one megabar.
Here, we extend the pressure range up to 140 GPa to explore the EOS and superconductivity of La via the
electrical resistance and x-ray diffraction measurements. We identified the phase transition sequences by the
La Bail refinements of the experimental XRD patterns and discovered a distorted fcc-La phase (space group
Fmmm) above 78 GPa with nonhydrostatic pressure transmitting media. All the experimental pressure-volume
data were fitted by the third-order Birch-Murnaghan equation: V, = 37.5 A3, By =14.5(1)GPa, and B = 5.
Superconductivity still existed in the distorted fcc-La with an onset critical temperature 7, of 9.6 K at 78 GPa,
which decreases to 2.2 K at 140 GPa. We calculated the superconducting parameters of La at several pressure

points, and discussed the difference from experimetal 7..
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I. INTRODUCTION

Since the discovery of superconductivity (SC) in 1911 [1],
scientists have searched for materials that can conduct elec-
tricity without resistance below the superconducting transition
temperature (7). So far, tremendous efforts have been devoted
to explore the high-7,. SC in a variety of materials such as
cuprates [2], ion-based superconductors [3], and hydrogen-
rich compounds [4]. Among them, the SC in hydrides has
been successfully realized with the discovery of novel com-
pounds in the H-S system at high pressures with the 7, of
up to 203 K. The discovery of high-temperature supercon-
ductivity in Im3m-H3S by theoretical [5,6] and experimental
[7-9] methods hints that even a room-temperature SC can
be achieved in hydrogen-rich materials. Hence, the search
for superconducting polyhydrides at very high pressures has
brought about a new round of research upsurge in physics of
superconductors. Metal hydrides are interesting materials for
realizing high-T, superconductivity when they form unusually
high stoichiometric ratios. In particular, metal lanthanum (La)
can react with hydrogen yielding Fm3m-LaH;,, which has
recently been reported as a high-7; superconductor with the
critical temperature above 250 K at 170 GPa [10,11]. In the
framework of the total experimental and theoretical investiga-
tion of the La-H system, a study of structural and electronic
properties of metal La at ultrahigh pressures is necessary
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for better understanding the roles of La and H atoms in the
observed SC.

The unique physical and chemical properties of rare-earth
metals have attracted interest for decades. The mostly triva-
lent rare-earth metals from La through Lu possess a similar
d-electron character near Fermi energy, none of them super-
conducting at ambient pressure except metal La [12]. As the
first member of the lanthanoid, La can exist in both double
hexagonal-close-packed (dhcp) phase and face-centered cu-
bic (fcc) phase, while a bcce structure is favorable at high
temperatures near the melting point [13—15]. Due to a high
electronic density of states at Fermi surface and a specific
phonon spectrum, one would expect a strong electron-phonon
coupling, and, therefore, a reasonably high superconducting
transition temperature for La. The dhcp and fcc phases yield
the superconducting transition temperatures 7, near 5 and
6 K at ambient pressure, respectively [16,17]. Both struc-
tures show significant increase in 7, with pressure (d7,/dP ~
0.87-1 K/GPa) [18,19]. The dhcp phase undergoes several
structural transformations, first transforming to the fcc struc-
ture near 2.2 GPa, then to a distorted fcc (R3m) structure at
about 5.4 GPa, then returning to the original fcc phase at
60 GPa [16-18]. At the same time, the critical temperature
demonstrates a complex behavior with several “waves” (broad
maxima) and anomalies up to 50 GPa [18]. Inconsistent with
this dfcc-fee transition, two subsequent studies revealed that
hR24-La (or closely related phase) phase can be preserved up
to 180 GPa under quasihydrostatic pressures [10,20].

In contrast to the previous reports, we compressed the
lanthanum sample in the solid-state pressure mediums (MgO
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and Al,O3) up to 140 GPa. A new distorted fcc-La phase
was discovered with Fmmm symmetry above 78 GPa. Su-
perconductivity survives in La with critical temperature T, of
2.2 K at 140 GPa. We have also extrapolated the upper critical
magnetic field ~0.32-0.43 T upon the applied magnetic field
at 140 GPa.

II. EXPERIMENTAL AND THEORETICAL METHODS

We used the target La sample purchased from Alfa Aesar
with the purity of 99.9% and performed in situ high-pressure
XRD patterns in two experimental runs. In run 1, the
x-ray diffraction (XRD) measurements are conducted on syn-
chrotron beamline 16-BMD at Advanced Photon Source using
a focused monochromatic x-ray beam (A = 0.434 A) in the
pressure range of 7-140 GPa. In run 2, the XRD patterns
of the La sample in a pneumatic DAC with a 50-um culet
were recorded on the ID27 synchrotron beamline at the Euro-
pean Synchrotron Radiation Facility (Grenoble, France) with
A = 0.3738 A in the pressure range of 104133 GPa. In both
experimental runs, MgO was used as a pressure transmitting
medium (PTM) and pressure gauge [21]. The CeO, standard
was used for the calibration of the experimental parameters
(sample-to-detector distance, detector’s tilt angle, and the
beam center). The experimental XRD images were analyzed
and integrated using the DIOPTAS software package (version
0.4) [22].

For electrical resistance measurements, we have used a
piston-cylinder diamond anvil cell (DAC) made of a Be-Cu
material, and the diamonds had a culet of 100 ym in diameter
beveled at 8° to a diameter of about 300 wm. The sample
chamber consisted of a tungsten gasket with a Al,O3 insu-
lating layer. The excess Al,O3; was also used as the PTM.
The piston diamond was coated with four 1-um-thick Mo elec-
trodes connected to the external wires using a combination of
5-um-thick Pt shoes soldered onto brass holders. The pressure
was determined from the Raman shift of the diamond-anvil
edge excited with a 532-nm laser [23].

The calculations of the superconducting transition tem-
perature 7, were carried out using the QUANTUM ESPRESSO
(QE) package [24]. The phonon frequencies and electron-
phonon coupling (EPC) coefficients were computed using
density-functional perturbation theory [25], employing the
plane-wave pseudopotential (PP) method and the Perdew-
Burke-Ernzerhof and Perdew-Zunger exchange-correlation
functionals [26]. In our ab initio calculations of the electron-
phonon coupling (EPC) parameter A, the first Brillouin
zone was sampled using 2 x 2 x 2 and 4 x 4 x 4 g-point
meshes, and a denser 24 x 24 x 24 k-point mesh (with
Gaussian smearing and ¢ = 0.025 Ry, which approximates
the zero-width limit in the calculation of A). The criti-
cal temperature 7, was calculated using the Allen-Dynes
formula [27].

III. RESULTS AND DISCUSSION

The EOS of the metallic La has been investigated in the
DAC and MgO was used as the PTM for two experimental
runs. The synchrotron XRD patterns at various pressures are
shown in Fig. S1 of the Supplemental Material [28]. The

selected Rietveld refinements of experimental XRD are pre-
sented in Fig. 1(a) and the refined lattice parameters and
volume of this distorted fcc-La structure at various pressures
can be seen in Table S1 of the Supplemental Material [28].
In run 1, during the compression from 17 to 49 GPa, the
relative intensity of superstructure reflection (101) of d-fcc
La between 9° and 10° decreases gradually (Fig. S1), con-
sistent with the previously reported hcp to fcc phase transition
[17]. Meanwhile, we observed that diffraction peaks (006) and
(202) have different rate of shift with pressure which broadens
the main peak. With further compression, diffraction peaks
(200) and (220) of fcc-La start to broaden at about 78 GPa
that means the beginning of distortion. Comparing with other
two possible phases (Fm3m and R3m) at 123 GPa (Fig. S2
[28]), we found that the distorted fcc-La structure (with space
group Fmmm) could fit the experimental patterns best.

Under ultrahigh pressure we shouldn’t ignore that the
nonhydrostatic condition can also cause this phenomenon be-
cause of macroscopic stress including gradient stress, uniaxial
stress, and microscopic stress [29]. There is some evidence
to help us analyze the possibilities. First, the La sample is
quite small and the detection area of x-ray beam is limited
to a few-micron range where the pressure is almost uniform
[30]. This helps to reduce the influence of stress gradient.
Second, although the uniaxial stress can lead to the same
distortion, especially when the sample bridges the diamond,
this would produce preferred orientation which we didn’t
observe. Third, considering that our metal sample is softer
than Al,O3 and MgO at ambient pressure, the sample itself
can also work as a PTM no matter how hard the pressure
medium is. Importantly, from the pressure dependence of
XRD, we can see that not all the peaks become broadened
upon compression; especially the full width at half maximum
(FWHM) of the strongest peak [indexed as a (111) peak in
the Fm-3m phase] keeps nearly constant from 56 GPa to
the highest pressure without broadening (Fig. S1 [28]). This
means that the distortion of fcc structure really happened
mainly not because of the gradient or microscopic stress distri-
bution on the sample, but is likely derived from the structural
change.

Moreover, we have checked the relative enthalpy at 60—140
GPa (Fig. S3 [28]), and found that the enthalpy difference
between the Fm3m and Fmmm structures is just a few
meV /atom or lower which is close to the accuracy limit of
DFT methods. By taking into account the Gibbs free energy
at 300 K, the Fmmm-La phase is more stable than the Fm3m
phase at pressures over 135 GPa. Two recent studies claimed
that hcp-La can be preserved up to at least 170 GPa, even
without transition to fcc structure when better PTM (Hj, Ne,
or AB) were used [10,20]. Their XRD patterns reveal the
super-structure reflections which were used to distinguish the
fce from hep phase in Ref. [17]. We also observed this in our
run 2 and the peaks were marked with asterisks in Fig. 1(b),
however, the effects of impurities such as lanthanum monox-
ide (LaO) can’t be ruled out [31,32]. Since we reproduced the
reported hcp to fcc phase transition in run 1, the distortion of
fcc-La with MgO as the PTM is credible.

The plots of EOSs show the anisotropic behavior of the
Fmmm La sample under pressure: da/dP and db/dP are close
and can be roughly approximated by linear functions a(P) =
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FIG. 1. (a), (b) Rietveld refinement of the experimental XRD pattern of La sample for two experimental runs. Positions of the Bragg
reflections from La, MgO, and W gasket are marked with black, yellow, and blue vertical ticks, respectively. (c) The lattice parameters as a
function of pressure. The straight dashed lines represent the phase boundaries. (d) Pressure-volume relations for La sample. The gray solid
curve shows the third-order Birch-Murnaghan equation fitting to the experimental data (squares and circles). Triangles and cyan dashed curve

represent the data from Ref. [20].

4.3316-0.0033P (A) and b(P) = 4.3562-0.0032P (A), while
dc/dP is different: c(P) = 4.3461-0.0028P (A). In order to
determine the parameters of the EOS, the obtained pressure-
volume data were fitted by the third-order Birch-Murnaghan

equation [33]:
|: v\ 73 v\ 33
GREON
3 v\ 23
[ I

namely Vy, By, and B, where V; is the equilibrium cell vol-
ume, By is the bulk modulus, and B() is the derivative of bulk
modulus with respect to pressure. The fitted parameters are
Vo = 37.5 (fixed) A3, By = 14.5(1) GPa, and By =5 (fixed),
consistent with the result from Ref. [20], where H, and Ne

3B
p==2
2

were used as the PTM. This also means that the nonhydro-
static pressure effect is not serious in this study. In Fig. 1(c),
it is clearly seen that the lattice parameters changed discon-
tinuously with pressures, indicating two phase transitions. In
contrast, the volume data didn’t show clear discontinuities
up to the highest pressure, which is also observed in similar
rare-earth metals [34-36]. This may be due to the fact that
our observed distorted fcc phases R3m and Fmmm represent
small different stacking sequences of fcc phase (Fm3m) and
thus may obscure observation of any volume discontinuity in
the transitions.

To determine the boundary of phase transitions more
accurately and investigate the pressure dependence of the
superconducting transition of La, we conducted three runs
of electrical measurements. The cell assembly used for the
electrical resistance measurements is shown in Fig. 2. In order
to take the nonhydrostatic effect into account and to reduce
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FIG. 2. (a) Schematic of the assembly used for the electrical resistance measurements. The sample chamber consisted of a tungsten outer
gasket (W) with an insulating Al,O3 and epoxy. (b) Microphotograph of a sample at 140 GPa illuminated from the top. An inset shows the

sample illuminated from the bottom.

the extension of the insulating layer under high pressures; we
chose Al,O3 as the PTM and measured the resistance evolu-
tion of La as a function of temperature at various pressures in
experimental runs 1-3, as shown in Figs. 3 and S4 [28]. The
superconducting transition critical temperature 7, is defined
near the temperature where the resistance begins to drop; the
exact position depends on the details of the experiment. In
Fig. 3, at ambient pressure, during the cooling from 300 to
1.5 K, the resistance first displays a typical metal-like behav-
ior, then starts to drop to zero at 5.3 K. Further compression
to 18 GPa makes the superconducting transition sharper, with
the width around 0.5 K (from 10% to 90% of the normal-
state resistance at Toneet), indicating a good homogeneity of

(@)

the superconducting phase. Below 50 GPa, pressure depen-
dence of 7. shows the consistent tendency with the reported
data [15,18] and two maxima at about 12 and 40 GPa were
explained with the change of Fermi-surface topology. Upon
further compression, the superconducting transition tempera-
ture decreased at different rates in two different intervals of
pressure. There is an obvious turning point at about 78 GPa,
which is associated with the start of distortion observed from
the XRD data and it helps us to determine the phase boundary
between Fm3m and Fmmm. In the range from 53 to 78 GPa
where La should be in the fcc phase, the trend is relatively flat
with a rate of —0.02 K/GPa. After the distortion occurred and
lattice anisotropy increased with pressure, 7, decreased faster
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FIG. 3. (a) Resistance of the La sample as a function of temperature at various pressures during cooling in the experimental run 1. The
gray characters represent the magnification of R. The lines with arrows show the definition of the superconducting transition temperature 7T..
(b) The phase diagram and superconducting transition temperature 7. of La as a function of pressure. The red hexagon, green triangle, and blue
pentagon symbols denote our experimental superconducting 7, data from runs 1-3. The purple asterisks and gray squares represent the data
from Wittig et al. [15] and Tissen et al. [18]. The black dashed line marks the phase-transition boundaries determined by the present study.
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FIG. 4. (a) The experimentally measured superconducting transition of the La sample at 140 GPa with a magnetic field applied. In the
inset, the dots show the measured values of 7, and magnetic field, while the solid lines represent fittings by the WHH and LG equations. (b),
(c) The calculated superconducting parameters of the distorted fcc-La phase at 100 and 130 GPa.

at the rate of —0.13 K/GPa. We found the superconducting
transitions can be triggered up to the maximum pressure of
140 GPa and fall down to 2.2 K. The beginning of the transi-
tion to a superconducting state at 140 GPa can also be fixed
at the initial point of the resistance growth (~4.8 K), which is
caused by the presence of distributed superconducting-normal
grain boundaries [37]. Since the drop of resistance is not
obvious in some runs of cooling and in order to get a further
proof that the observed phenomenon is indeed superconduct-
ing transition, we measured the electrical resistance around
the transition temperature in various external magnetic fields
at 53 GPa (Fig. S5 [28]) and 140 GPa [Fig. 4(a)].

Figure 4(a) shows the measured resistance at 140 GPa
with applied magnetic fields H of 0.025, 0.05, 0.075, and
0.1 T. The critical temperature 7. decreased with increas-
ing magnetic field and much stronger fields are required to
completely suppress superconductivity. To estimate the upper
critical magnetic field H:,(0), we applied an extrapolation
method combined with the Ginzburg-Landau (GL) equation
[38]:

T2
woH(T) = Moch(O)(l - F) 2

The extrapolation (R? = 0.98) of the transition tempera-
ture gives an estimate of uoH»(0) = 0.32 T. The Werthamer-
Helfand-Hohenberg (WHH) model [39] for the critical
magnetic field, simplified by Baumgartner [40],

_ oHe2(0) T T\?
moH(T) = W((l — E) — 0.153(1 — i)
T 4
—0.152(1 — f) ) 3)

leads to woH:»(0) = 0.43T.

To obtain further insight, we have calculated the supercon-
ducting parameters of La at various pressures. To compare
our calculations with the experimental results at 50 GPa,
we first computed the superconducting parameters of the
slightly distorted fcc-La (R3m) using the Perdew-Zunger (PZ)
and Perdew-Burke-Ernzerhof (PBE) pseudopotentials, ob-
taining A = 1.07, wioe = 113K, and T, = 9.3K at u* = 0.1
(50 GPa). The Eliashberg functions «>F (@) of the distorted
fcc-La with different o - broadenings (QE) at 50 GPa are pre-
sented in Fig. S6 [28]. The reported experimental 7, of 10.5 K
at 50 GPa [18] is consistent with our experimental results (53
GPa, 10.5 K) and close to the calculated value (9.3 K). Thus,
we are confident that our theoretical calculations of 7. and B,
as a function of pressure are reliable. At 130 GPa, we took
into account that the phonon spectrum of La ends at 350 cm™!
[~0.043 eV, Fig. 4(c)]. At such energies, the density of states
near Ep &+ hwmax 1S almost constant (*10.05 states/Ry/La),
which allows us to apply the “constant DOS approximation”
[41] and take > F (w) corresponding to an almost zero broad-
ening in the QUANTUM ESPRESSO output. The results obtained
with the Goedecker-Hartwigsen-Hutter-Teter PZ and Projec-
tor augmented-wave method (PAW) PBE pseudopotentials
are the same: A = 0.69, wy; = 288K, T.(AD) = 10.1K for
p* =0.1 at 130 GPa. There is no significant differences in
T. and p* obtained with the different pseudopotentials. The
experimental critical temperature of 2.8 K corresponds to an
anomalous value of u* = 0.21. At this Coulomb pseudopo-
tential, the McMillan isotope coefficient § = 0.21 is quite
small (it increases to 0.37 at u* = 0.15), while the coherence
length &gcs = 0.5(/h/mweH,; is 23 nm, which is about 35%
lower than for the metallic lanthanum at 0 GPa (36 nm) [42].
Calculations of 7; in Fmmm-La at 100 GPa [Fig. 4(b)] lead to
the same Coulomb pseudopotential u* = 0.21. The predicted
slope of the T.(P) is close to the experimental data for the
Fmmm phase from 78 to 140 GPa.

134510-5



WUHAO CHEN et al.

PHYSICAL REVIEW B 102, 134510 (2020)

IV. CONCLUSIONS

In conclusion, we have studied the crystal structure and
superconducting properties of the metallic La at pressures
up to 140 GPa with nonhydrostatic PTM and discovered a
distorted fcc-La phase (space group Fmmm). The supercon-
ducting transition has been detected in the distorted fcc-La at
9.6 K (78 GPa) and was found to decrease to 2.2 K (140 GPa)
by means of the four-probe resistance measurements, and the
experimentally obtained 7; for the Fmmm phase exhibits an
approximately linear decrease at a rate of —0.13 K/GPa, in the
78-140 GPa pressure range. We have investigated the influ-
ence of the external magnetic field (0-0.1 T) on 7, at 140 GPa
which allowed us to estimate the upper critical magnetic field
noH»(0) at 0.32-0.43 T, according to the GL and WHH
models, respectively. The calculations of the electron-phonon
interactions within the classical BCS mechanism point to
an increased Coulomb pseudopotential * = 0.21, while the
calculations using the usual p* interval (0.1-0.15) lead to an
overestimated 7, (6.3—10.1 K at 130 GPa).
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