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Ternary Superhydrides Under Pressure of Anderson’s
Theorem: Near-Record Superconductivity in (La, Sc)H,,
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Andrei Vladimirovich Sadakov, Kirill Sergeevich Pervakov, Oleg Alexandrovich Sobolevskiy,
Anna Gennadievna Ivanova, Michele Galasso, Frederico Gil Alabarse, Wuhao Chen,
Chuanying Xi, Toni Helm, Sven Luther, Vladimir Moiseevich Pudalov,

and Viktor Viktorovich Struzhkin*

Lanthanum-hydrogen system and its derivatives hold significant promise for
achieving room-temperature superconductivity. In this study, the formation

of ternary lanthanum-scandium superhydrides is examined at pressures up

to 220 GPa. The primary product of the LaSc alloy’s reaction with hydrogen is
a newly discovered cubic (La,Sc)H,,, demonstrating a clear superconducting
transition in all six channels of the van der Pauw-contact scheme at 244—

248 K. In this compound with an unusually large unit-cell volume, virtually no
magnetoresistance is observed in fields up to 68 Tesla. Synthesized samples of
(La,Sc)H,, demonstrate pronounced superconducting diode and SQUID-like
effects at a record high temperature of 233 K, which opens up prospects for the
use of superhydrides in compact electronics. Furthermore, the analysis reveals
the possible formation of a lower hexagonal polyhydride (La,Sc)H,_;, which
can potentially account for the drop in electrical resistance observed near

274 K. This anomaly between 265-290 K also appears in the radio-frequency
transmission measurements and may be of a superconducting nature.

1. Introduction

Pressure-stabilized polyhydrides are a new
rapidly growing class of high-temperature
superconductors.2l  Remarkable proper-
ties of H,;S (critical temperature, T, =
200 K),B) YH, (T. = 224 K)'l and LaH,,
(T. = 250 K)>¢ at 130-200 GPa cat-
alyzed the search for superconductivity
(SC) in compressed ternary (X,Y)-H poly-
hydrides that can be obtained by pulsed
laser heating of various alloys and inter-
metallics with hydrogen or ammonia bo-
rane (AB, NH;BH,) in diamond anvil cells
(DACs). The uniquely high critical tem-
peratures, upper critical magnetic fields
up to 300 Tl and critical current den-
sities of superhydrides are very attrac-
tive for the creation of new electronic
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devices based on high-pressure DACs. The general and as yet
unsolved problem of ternary superhydrides boils down to the
question: “Can T, in ternary polyhydrides be higher than in bi-
nary ones and reach room-temperature values?”. As the anal-
ysis of the thermodynamic stability of the SC state shows,
from a fundamental point of view there is no reason why
room-temperature superconductivity cannot be achieved in com-
pressed polyhydrides.[-10]

Anderson’s theorem(!12] exerts considerable pressure on the
experimental search for new high-temperature superconductors
in (pseudo)ternary and high-entropy!’! hydride systems, which
are perhaps its best illustration.['*] The problem is that the syn-
thesis of hydrides via the laser heating inevitably leads to random
mixing of heavy atoms in their sublattice with the formation of
solid solutions.!'*] A rather long list of already experimentally in-
vestigated ternary systems can be given, where the introduction
of a third element just slightly changes the critical temperature:
(La,Y)H,,, 4 (La,Y)H, !5/ (La,Ca)H,,,['%) (Y,S)H, and (Y,S)H,,"”)
(La,Al)H,,,[®) (La,Be)H,.["IMoreover, in the case of introduction
of atoms with f-electrons a significant decrease of T, is observed:
(La,Nd)H [ (Y,Ce)H,, [*) and (La,Ce)Hy.,o2"* serve as exam-
ples. The recent synthesis of the ordered (truly) ternary hydride
LaB,H,?] also does not solve the problem, since its T, is only
slightly higher than that of LaH,?! or La,H,;.?**] A solution
to this problem may be a “cold” synthesis route from pure H,
and intermetallics, in which the heavy atoms remain in their po-
sitions and the hydrogen slowly diffuses and dissociates in the
metallic sublattice.

In this work, we turn our attention to the La-Sc-H system at
pressures up to 230 GPa. In this system, the room-temperature
superconductivity has recently been predicted for both the bi-
nary phase Pm3-ScH,,!?*! and for the ternary one P6/mmm-
LaSc,H,,[?”] (XHg type). Partial substitution of La atoms by Sc
in LaH,, was discussed by Kostrzewa et al. [?%] indicates a signifi-
cant increase in T, up to 294 K. The experiment indeed shows
the formation of a (La,Sc)H,, with T, = 244-248 K, however,
with a different symmetry of the cubic lattice (fcc). Samples of
(La,Sc)H;, exhibit a pronounced diode effect and SQUID-like
resistance oscillations!??! accompanied by the disappearance of
residual resistance below 215 K in all six van der Pauw channels.
Moreover, we found a partial drop in electrical resistance at 274 K
in one of the (La,Sc)H, samples, and anomalies, typical for super-
conductivity, in the radio-frequency transmission of lanthanum-
scandium hydrides in the range of 265-290 K.

2. Results and Discussion

We studied six samples of La-Sc hydrides under pressure: DACs
LS-1, LS-2 were prepared for the room- and low-temperature X-
ray diffraction (XRD) measurements, DACs LS-3, LS-5 were de-
signed for pulsed magnetic fields, DAC LS-4 was intended to
study the dependence of critical temperature on pressure. Finally,
DAC LS-6 contained two Lenz lenses and was prepared for radio-
frequency transmission measurements. In all cases except LS-5,
aLa-Sc 1:1 alloy, obtained by sintering of La and Sc metal powders
in an argon arc, was used. To load the DAC LS-5, we used La:Sc
1:2 alloy, prepared by the same method. The composition and ho-
mogeneous distribution of elements in the LaSc alloy were con-
firmed by X-ray fluorescent (XRF) and energy dispersive X-ray
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(EDX) analysis (Figure 2B; Figures S3-S5, Supporting Informa-
tion). Ammonia borane (AB, NH;BHj,) was used as a source of
hydrogen. Laser heating of samples was carried out through a se-
ries of ~0.3 s infrared laser pulses (4 = 1.06 um), in which the
sample temperature increased to at least 1000-1500 K leading to
the decomposition of AB. In general, the DACs preparation and
transport measurements are similar to our previous works.%l A
detailed description of high-pressure DACs is given in Support-
ing Table S1 (Supporting Information).

2.1. Synthesis of La-Sc Polyhydrides at 189-196 GPa

Powder X-ray diffraction (XRD) combined with first-principles
calculations of the unit cell volume, thermodynamically sta-
ble structures, and electron-phonon mediated superconductiv-
ity is the standard method for establishing the structure of
superhydrides.['*! This led to the choice of XRD as the first step
of our research.

X-ray diffraction study of a DAC LS-1 sample synthesized at
196 GPa shows the presence of a cubic (Fm3m) phase as the main
reaction product (Figure 1A). But what is surprising is the unit
cell volume of the resulting compound: almost 32 A* per metal
atom exceeds the expected volume of the LaH,, at 196 GPa. Given
that 50 + 5% of the alloy consists of much smaller Sc atoms, we
have to attribute a larger amount of hydrogen to the chemical
formula of this compound. It should be given by (La,Sc)H,,,,,
where x is about 1. For simplicity, we will further use the chem-
ical formula (La,Sc)H,, for this compound. Indeed, fec-ScHj at
140 GPa has a unit cell volume 15.05 A%/Sc,32l whereas foc-LaH,
at the same pressure has the volume of 20.5 A3/La.l°! There-
fore, the difference in the volumes V(La) =V(Sc) is 5.45 A* per
atom at 140 GPa. If we take this difference into account and con-
sider a slight decrease in cell volumes during compression to 2
Mbar, the amount of hydrogen in the resulting compound will
be equivalent to the same in LaH;,.>**] This also corresponds to
the unusually large unit cell volume of “LaH,,;” obtained from
single-crystal X-ray analysis of lanthanum polyhydrides.[** More-
over, we believe that La superhydride with the canonical formula
“LaH,,” is rare in experiments. Instead, since the earliest works,
it demonstrates variability in composition within the range of
XH, ,,,1%) at the same time maintaining a maximum critical tem-
perature of at least 240-250 K. This amazing constancy of the
maximum T, which does not depend neither on randomly dis-
tributed impurities (B, N, Al, Ca, Y, Sc ...), nor on the method of
obtaining La superhydride, nor on variations in the composition
of hydrogen (+1-2 H atoms), is, in our opinion, one of the most
striking manifestations of Anderson’s theorem for the Bardeen—
Cooper—Schrieffer (BCS) superconductors.!'!]

Due to the absence of additional X-ray reflections from the
scandium sublattice, we will further consider the (La,Sc) solid
solution model for the heavy atom sublattice. This situation is
common for many ternary polyhydrides.!!31416.21.22] There is no
doubt that several other phases are present in the sample, as the
number of peaks exceeds that for both the Fm3m-(La,Sc)H;,, as
well as the number of reflections for a distorted phase F(P)mmm-
(La,Sc)H,, (see Figures S7 and S8, Supporting Information). The
latter one is likely formed due to the large difference in volumes
and properties of La and Sc atoms. The existence of side phases
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Figure 1. Powder X-ray diffraction analysis and the Le Bail refinements of the unit cell of (La,Sc)H;,, (La,Sc)H; and (La,Sc)H, phases in DACs LS-1and
LS-3 at 189-196 GPa. A) Le Bail refinement of the unit cell parameters of Fm3m-(La,Sc)H;, (JANA2006) in DAC LS-1: black points mark experimental
data, the red line — is the refinement. Inset: structural model of this compound based on a cubic La sublattice of LaH,. Asterisks mark unexplained
reflections. B) X-ray diffraction image (“cake”) of the sample in DAC LS-1. C) Experimental XRD and Le Bail refinement of the unit cell parameters of
Fm3m-(La,Sc)H, synthesized in the DAC LS-1 (JANA2006). Yellow color marks reflections from the Fm3m-(La,Sc)H,. “Ta” indicates a possible peak from
Ta/Au electrodes. The inset shows the spatial distribution of the (La,Sc)H;, 111 reflection. D) Typical X-ray diffraction image (“cake”) which contains
reflections from both (La,Sc)H, and (La, Sc)H,, DAC LS-1. E) Experimental XRD pattern and Le Bail refinement of the unit cell parameters of (La,Sc)Hg.;
found in DAC LS-3. Filled blue plot — is calculated XRD pattern for predicted P6/mmm-LaSc,H,, with solid solution of (La, Sc) in metal sublattice.
F) X-ray diffraction image (“cake”) of the sample in DAC LS-3. G) Calculated equations of state (QE, VASP codes) and experimental unit cell volumes
used to estimate the H-content in obtained compounds.
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in the sample also follows from the presence of several steps in
the observed SC transitions (Figures 3, 4). Additional XRD re-
flections may appear from Ta/Au electrodes and from the lower
hydride Fm3m-(La,Sc)H, (Figure 1C).

The X-ray diffraction study of the sample in the DAC LS-3 at
189 GPa was limited by the small diameter (d = 15.3 mm) of this
highly asymmetric cell intended for studies in pulsed magnetic
fields. The result of the XRD measurements was unexpected: in-
stead of the usual Fim3 m-like pattern we discovered a hexagonal
pattern that can be refined as P6/mmm (Figure 1E). Recently, a
similar structure, P6/mmm-LaSc,H,, (XHg type), was predicted
to be a room-temperature superconductor with T, = 316 K below
200 GPa.l?’] This compound has a calculated unit cell volume of
24.15 A3/(La, Sc) at 200 GPal?’! which is significantly less than
the expected volume of LaHg due to the smaller volume of the
Sc atom. The experimental cell volume of the phase (La,Sc)H,
that we obtained in DAC LS-3 is 22.4 A3/(La, Sc) at 189 GPa de-
spite the higher content of La. This indicates that the hydrogen
content is less than in the predicted LaSc,H,, and its chemical
formula is close to (La,Sc)H ;. As we will see below, presence of
this hexagonal phase in DAC LS-3 may be reflected in the tem-
perature dependence of the electrical resistance, demonstrating
a pronounced drop at ~ 274 K, noticeably higher than T, of cu-
bic (La,Sc)H;, phase (Figures 3 and 4a). However, it should be
noted that an additional experiment with LaSc, alloy, conducted
in DAC LS-5 at 188 GPa, showed only traces of a series of super-
conducting transitions (Supporting Figure S28, Supporting In-
formation).

2.2. Synthesis of La-Sc Polyhydrides at 150-153 GPa.
Low-Temperature XRD

In 2020-2021, it was suggested that compressed hydrides may
not be superconductors, and resistive transitions in them are a
consequence of structural phase transitions.*®! This suggestion
was facilitated by the absence of X-ray diffraction data near ob-
served transition temperatures. The lack of structural informa-
tion motivated our low-temperature X-ray diffraction experiment
with (La,Sc) hydrides at 153-169 GPa performed at the Xpress
beamline of the Elettra synchrotron radiation facility. Gold piece
was used as the pressure gauge in these experiments.

In this part of the work, we synthesized La-Sc ternary hydrides
at 150-153 GPa (Figure 2A) in DAC LS-2 from the corresponding
1:1 La-Sc alloy, the XRF and EDX analysis of which is shown in
Figure 2B, Figures S3-S5 (Supporting Information). The main
product of the reaction at this pressure can be refined using
hexagonal structures, for example, via P6,/mmc-ScH, predicted
by Hou et al.1’”! However, the ratio c/a = 1.26 is unusual for this
space group (Figure 2C). The unit cell volume of obtained com-
pound is 21.85 A3/(La, Sc) which indicates composition of (La,
Sc)H,, similar to the predicted hexagonal ScH,.”l We believe
that the proposed P6,/mmc structure describes well the result-
ing diffraction pattern except for an unexpectedly low intensity
of the (101) reflection (Figure 2B), and can serve as a first approx-
imation for further structural analysis. Comparison of the exper-
imental unit cell volume, 21.85 A%/(La, Sc), with the theoretical
calculation (Vppr = 23.64 A3/(La, Sc)) shows that the hydrogen
content in this hexagonal phase is between 5 and 6 per metal
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atom. It should be noted, that the intensity of the XRD pattern in
low-temperature cryostat appears insufficient to accurately refine
the unit cell parameters at all studied pressure points (Table S3,
Supporting Information).

The DAC LS-2 was cooled to a temperature of 150 K while
low-temperature powder XRD was recorded. No obvious phase
transitions were observed between 150-300 K and 153-169 GPa
(Figure 2E). However, there are some signs of small distortion
of the crystal lattice at 200-250 K: splitting of the 100 reflection
and anomaly of the c/a ratio (Figure 2E, Table S3, Supporting
Information). When cooled to 100 K, the pressure in DAC LS-2
increased above 170 GPa that caused collapse of diamond anvils
followed by the pressure drop to 30 GPa. The XRD pattern ob-
tained at 30 GPa and 300 K indicates a significant change in the
structure and H-content of the (La,Sc) hydrides, and can be de-
scribed as a two-phase mixture consisting of tetragonal I4/mmm-
(La,Sc)H,, (phase I) and thermodynamically stable, pseudocu-
bic P4,-(La,Sc)H_; (phase II, Tables S3 and S7, Supporting Infor-
mation). The deviation from the calculated unit cell volumes of
(La,Sc)H;, and (La,Sc)H; indicates the non-stoichiometric com-
position of the obtained compounds. We should note again that
the X-ray beam intensity is not sufficient for a qualitative inter-
pretation of the diffraction data. The main conclusion from this
low-temperature XRD experiment is that high-T, superconduc-
tivity in the La-Sc-H system is not accompanied by pronounced
phase transitions at temperature above 150 K.

Therefore, the X-ray diffraction study of the La-Sc-H system in-
dicates possible presence of polyhydrides which are similar to the
predicted ones: these are hexagonal LaSc,H,,,1¥) ScH,?’ and
cubic ScH, .1l Indeed, in the experiment we see the cubic phase
(La,Sc)H,,, the hexagonal phases (La,Sc)H, and (La,Sc)H,, at
150 GPa. It was already noticed (for instance, in Refs. [30,38]) that
structural search programs such as USPEX,3%*1] CALYPSO, 4243
AIRSSI*#*] are good at calculating the hydrogen content of stable
polyhydrides, whereas the prediction of correct crystal symmetry
is much more difficult. And in our experiments we encountered
exactly this situation: we see La-Sc hydrides with the predicted
stoichiometry, but with an unexpected lattice symmetry. Despite
this drawback, first-principles methods provide important clues
to the interpretation of products of high-pressure synthesis.

2.3. Superconductivity of La-Sc Polyhydrides

Transport properties of La-Sc hydrides at 196 GPa were studied in
high-pressure DACs LS-1 and LS-3. We used diamond anvils with
a culet diameter of 50 um, equipped with four sputtered (Ta/Au)
electrodes and tungsten gasket covered by CaF, /epoxy insulating
layer. For a detailed description of the experiment, see Support-
ing Information. The studies were performed in both direct cur-
rent (DC, Figure 3A), and alternating current (AC) modes. Re-
gardless of the test method chosen, (La,Sc)H,, sample in DAC
LS-1 shows a disappearance of electrical resistance below 235
K (Figure 3A). Transport measurements (Figure 3A,D) indicate
the possible presence of two phases in the sample, with close
critical temperatures: T, (onset) ~ 247-248 and 242 K (see also
Figure 5F). The broadening of superconducting transitions in
magnetic fields up to 16 T is insignificant, as for many other
polyhydrides!“®! which is associated with a high concentration of
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Figure 2. Synthesis and X-ray diffraction of La-Sc hydrides in DAC LS-2 at 150-153 GPa. A) Raman spectrum of the sample in DAC LS-2 in the region of
C-Cvibrations after laser heating. Inset: photo of the sample. B) X-ray fluorescence analysis of initial La-Sc alloy. Composition is close to 1:1 (see Table in
the inset). C) Experimental X-ray diffraction patterns and Le Bail refinements of unit cell parameters of hexagonal (La,Sc)Hg., at 153 GPa (300 K). “Au”
— denotes reflections from gold used as the internal pressure sensor. Asterisks indicate uninterpreted peaks. D) The same for tetragonal (La, Sc)H;.,
and pseudocubic (La, Sc)H; at 30 GPa after collapse of the DAC LS-2. E) A series of XRD patterns of the DAC LS-2 sample taken during decreasing
temperature from 300 to 150 K with a step of 50 K. As it cooled, the pressure in the DAC spontaneously increases with dP/dT ~—0.11 GPa/K. The pattern

at 30 GPa corresponds to a broken DAC.

defects, pinning centers and very high depinning potential bar-
riers reaching in hydrides 1-2 x 10° K./ This correlates with
virtually zero magnetoresistance (MR) over the studied range of
temperatures (170-223 K) and magnetic fields (Figure 3E).

In some cases, non-uniform distribution of sample conduc-
tivity in the van der Pauw circuit leads to “false” voltage (resis-
tance) drops, which actually correspond to a local increase in the
resistivity.?*! Such voltage drops may be incorrectly interpreted as
superconducting transitions. In this situation, it is necessary to
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examine all combinations of electrodes. For a four-electrode cir-
cuit there are six different channels, two of them are “diagonal”
(or the Hall type). Results of measuring the voltage drop across
the (La, Sc)H,, sample at 196 GPa on four off-diagonal electrode
combinations vdp1-4 are presented in Figure 3A,B. In the region
of the SC transition, the resistance decreases from ~ 0.1 Q to 1-2
pQ, that is, by a factor of 10°. The thermal noise of the measuring
circuit is symmetrical on all four channels. Moreover, the diag-
onal channels (diag1,3 and diag2,4, see Figure S11, Supporting
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Figure 3. Transport properties of (La, Sc) hydrides at 189 and 196 GPa in steady and pulsed magnetic fields. A) Dependence of the voltage drop across
the DAC LS-1 sample (La, Sc)H;, on temperature in the warming (“wu”) and cooling (“cd”) cycles for four direct channels of the van der Pauw circuit
(vdp1-4). Here we used the delta mode with a DC excitation current of 0.1 mA. B) Residual voltage on the sample after transition to the superconducting
state on four direct channels (vdp1-4) in the cooling and warming cycles. Average residual resistance of the sample is ~ 1-2 uQ. Inset: the boundary of
the SC and non-SC regions on the phase diagram, as well as the B, (T) temperature dependence in magnetic fields up to 68 T, the R, criterion was
applied. C) Temperature dependence of the absolute value of Hall coefficient in (La, Sc)H, at 196 GPa ("C" stands for Coulomb, the unit of charge).
Steady fields + 33 T were used for measurements. Red line — is the linear fit. D) Temperature dependence of the electrical resistance of the (La, Sc)H,
in various constant magnetic fields from 0 to 16 Tesla. The criteria R, Rspos, Rogos Were applied to determine B¢, (T). E) Dependence of the real
component of the electrical resistance of the sample in DAC LS-3 on a pulsed magnetic field up to 68 T at various temperatures from 223 K to 170.4
K. “MR” denotes magnetoresistance. F) Carrier (electron) concentration in various superhydrides according to the Hall coefficient measurements: n, =
1/eRy. Thickness of initial LaSc foil is assumed 1+ 0.5 um based on the visible light interference pattern between diamond anvils before compression.

Information) also show the disappearance of the sample’s elec-
trical resistance and symmetrical residual thermal noise. The ob-
tained result excludes the possibility of any metal-insulator tran-
sitions in the sample.

We studied the behavior of La-Sc hydrides in steady (0 — 33
T, DAC LS-1) and pulsed magnetic fields with a pulse duration
of 150 ms and maximum field induction of 68 T (DAC LS-3).
Since the primary superconducting transition in DAC LS-3 sam-
ple is observed at the T, ~ 244 K (Figure 4A), we will henceforth
consider (La,Sc)H;, to be the main content of the LS-3 sample
despite the fact that we were unable to detect this phase using
XRD analysis due to the limited opening angle in this asymmet-
ric DAC. Such a strong pulsed magnetic field was used to es-
tablish the shape of the superconducting phase diagram (inset
in Figure 3B). In this case, measurements of the dependence of
the electrical resistance (real part, Re Z) on the magnetic field
were carried out in AC mode at frequencies of 16.66 kHz and
33.33 kHz in the temperature range from 170.4 K to 223 K (in-
set in Figure 3E). In this range of temperatures and fields, the
magnetic phase diagram of (La,Sc)H,, is linear (dB,/dT ~ -1.15
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T/K), as for many other hydrides.[3495%51] Very high upper criti-
cal field B,(0) of La-Sc superhydrides is remarkable. The extrap-
olated value of B,(0) can exceed 200-230 T (Figure 3B). Such a
high upper critical field is characteristic of dirty (“hard”) super-
conductors and high-entropy polyhydrides.!”]

Metal superhydrides synthesized at high pressure are, in
most cases, fine powders>?! with a large number of defects in
microcrystals.[11330°2 This determines many physical properties
of hydrides. For example, wide diffusive XRD patterns,[383354]
very low RRR (residual-resistance ratio) about 1.1-1.5,[ and of-
ten near zero magnetoresistance. Typically, the magnetoresis-
tance of metals is positive and o p,2B?, where y, is the electron
mobility (in the absence of holes). However, hydrides are differ-
ent. The existence of a region of negative magnetoresistance was
established in La,H,;?*%] and CeH,,>>] whereas magnetoresis-
tance of (La,Sc)H;, in DAC LS-3 is practically equal to zero like
in graphene.l>®!

One of the most likely explanations of this fact is a very defec-
tive and finely dispersed structure of the sample containing B,
and N impurities from ammonia borane, fluctuations of Sc and

© 2025 Wiley-VCH GmbH
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Figure 4. Diode and DC SQUID effects in (La,Sc)H;, (DAC LS-3). A) Stable (black circles) and “metastable” (red circles) resistive transitions in the
La-Sc superhydride at 189 GPa. The arrow indicate a possible electrochemical process of hydrogen migration between electrodes, leading to broadening
of the SC transition and the appearance of new metastable phase. The resistance ratio R; /R, allows us to estimate the ratio of the lengths of the current
paths in low-T, and high-T, phases as 60:40. B) Diode effect observed in the sample when applying an offset DC current of +/- 1 mA. Area | (azure)
corresponds to the hysteresis of the sample resistance when the offset current changes its sign in a cooling cycle (2 K min~"). Area Il (green) corresponds
to the resistance hysteresis at a constant offset +1 mA, occurring between heating and cooling cycles. Area IlI (yellow) corresponds to the hysteresis

of the sample resistance when the current offset sign changes in the warming cycle (2 K min~"). C) Schematic illustration of the random arrangement
of asymmetric conductivity regions in the sample. D) Experimental scheme of measurements of the diode effect, which excludes the contribution of
thermo EMF. E) Scheme of studying the SQUID effect in the sample when a weak modulated magnetic field (=~ 10 G) is applied. F) Generation of higher
harmonics when the (La,Sc)H12 SQUID resistance changes in response to a periodic weak external magnetic field. Inset: complex periodic pattern of

the electrical resistance versus time.
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La concentration like in NbTi,l””! presence of H, molecules and
H vacancies. In this case, the electron mean free path (1) is sig-
nificantly less than the Larmor radius (r,) even at 70 T

m:vp
<= 3 (1)

where the Fermi velocity v, can be estimated as =~ 3 x 10°
m ~1s,58 and m,” is the effective electron mass. If we take m,* =
m, and magnetic field induction B = 50 T, then r, ~ 38 nm. This
value should be comparable to the crystallite size and the average
distance between defects in (La, Sc)H,,. In this case, scattering
on defects and grain boundaries will be the dominant process,
and the influence of the magnetic field will be insignificant. Of
course, it cannot be completely ruled out that the positive magne-
toresistance (< u,?B?), observed due to the distortion of electron
trajectories in a magnetic field, can compensate for negative mag-
netoresistance related to the preformation of Cooper pairs, giving
an ultimately zero result in a certain range of magnetic fields.

Finally, we have studied the Hall effect and its sign in the non-
superconducting state of (La, Sc)H;, in DAC LS-1. In the Hall
measurement scheme, the superconducting transition begins at
the same T, around 245 K, but is accompanied by a more com-
plex behavior of the electrical resistance R(T, B). Figures S12-S14
(Supporting Information) show that the Hall voltage depends on
a magnetic field linearly. The Hall coefficient R, is found nega-
tive. This indicates that electrons are the primary charge carriers.
|Ry| = (2.13 £ 0.03) x 1071 m? C~! in (La, Sc)H,, slightly de-
creases along with temperature (Figure 3C). This corresponds to
an increase of carrier concentration by 3% during cooling from
259 to 212 K: n,((La,Sc)H,,) = 1/eR,; = (2.95 + 0.05) X 106 m~3
(Figure 3F). In general, almost temperature independent carrier
concentration is typical for metals. The found values of electron
concentration n,((La,Sc)H,,), within the accuracy of the error in
determining the sample thickness, are similar to the concentra-
tion of carriers in other superhydrides (Figure 3F). Alternatively,
the increase in the Hall resistance with temperature may be due
to the interaction quantum corrections (Altshuler-Spivak correc-
tions), which in the diffusion regime for a high concentration of
electrons and, especially, in strong magnetic fields, must have a
positive sign dR;/dT > 0, the same as that of the diagonal com-
ponent of the resistance.

2.4. Metastable Resistive Transitions, SQUID-Like, and Diode
Effects in (La, Sc)H,,

When studying the Hall effect in the DAC LS-3, we found unex-
pectedly that the onset of the resistance drop at a certain stage of
the experiment shifted to higher temperatures, reaching unusu-
ally high value of 274 K (Figure 4A; Figure S24, Supporting Infor-
mation). At the same time, the main superconducting transition,
probably corresponding to the (La, Sc)H,,, was still observed at
T. = 244 K. According to the Figure 4a, the ratio of partial drops
of electrical resistance R,/R, allows us to estimate the ratio of
the current path lengths in low-T, and high-T, phases as ~ 40:60.
This works when both phases have a similar resistivity. However,
due to the fact that the electric current passes only through a
small part of the sample, it is impossible to establish the exact re-
action product ratio only from the resistance data. The relatively
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high measurement current (1 mA, Figure 4a) that we used and
the narrow transition at 274 K most likely exclude filamentary su-
perconductivity (as, for example, in some nickelates!*!). The pro-
nounced signal in the radio-frequency transmission (Figure 5)
also argues against filamentary superconductivity.

High-temperature superconductivity with T, > 270 K was pre-
dicted in both cubic sc-ScH,,1*%! and hexagonal LaSc,H,,.[?’! Cal-
culations for the last compound taking into account the anhar-
monic corrections lead to T,(Allen-Dynes) = 262 K (u* = 0.1) at
200 GPa.l®l Considering the rescaled Coulomb pseudopotential
Uy = 0.16(° in solving the Migdal-Eliashbergl®2%] equations
results in a higher T, = 291 K. As can be seen from Figures 4a
and 5f,g, the theoretically predicted range of 262-291 K corre-
sponds well to the region of observed transitions in electrical re-
sistance and radio-frequency transmission anomalies.

Despite the fact that detected resistance anomaly at 274 K cor-
relates with the presence of a similar hexagonal phase in DAC
LS-3 (Figure 1E), consideration of the recent NMR and radio-
frequency transmission data on lanthanum polyhydrides!®!
makes the hexagonal crystalline modifications of (La,Sc)H,,
a more preferred explanation. Unfortunately, after 8 cool-
ing/heating cycles (Figure S21, Supporting Information), this
anomaly almost disappeared from R-T plots. However, some
residual traces of it in the Hall measurements were found even
a month after the initial detection (Figure S25, Supporting Infor-
mation). As we will show in the next paragraph, this phase with
the high-temperature resistive transition can be reliably detected
using the radio-frequency transmission method.

Synthesized samples of La-Sc hydrides are heterogeneous.
Trapping of magnetic flux by inhomogeneities in a superconduct-
ing samplel®*! may lead to appearance of SQUID (superconduct-
ing quantum interference device)/?’! and asymmetric conductiv-
ity effects!®! in hydrides. The later one, also known as diode ef-
fect, can be detected in (La,Sc)H;, superhydride (DAC LS-1) with
the help of a current containing a DC offset of + 1 mA and small
sinusoidal signal of 0.1 mA (RMS) with a frequency of 100 Hz
(It) =1+ 01 x V2 sin(100 x t/2z) mA, where t — is the
time). The signal amplitude at the second pair of electrodes of
the 4-contact-van der Pauw circuit was detected using a lock-in
amplifier SR830 and was used to calculate the sample resistance
(Figure 4D,E). In this approach, all constant voltage contributions
associated with thermoelectric phenomena (thermo EMF) are fil-
tered out by the lock-in amplifier. A similar result may be ob-
tained by a direct subtraction of the resistance data obtained for
different directions of DC current (Figures S21 and S22, Support-
ing Information).

As a result, we found that the dependence of the electrical
resistance of the sample on temperature R(T) has a significant
hysteresis (Figure 4B,C) in the region of 220-230 K, which com-
pletely disappears above 235 K. Below this temperature there
is a difference not only between curves with different direc-
tions of DC current (+1 mA), but also between the cooling and
warming curves (AT > 2 K), which indicates the presence of a
“memory” effect of the sample.[®®) When a direct current flows
through the sample, it creates vortices in SC grains. These frozen
vortices!*/*8] lead to the symmetry-breaking effects and signif-
icant asymmetry (R,/R_ = 1.23, at 215 K this ratio is much
higher) in the sample conductivity as it observed in supercon-
ducting diodes.[®] At the same time, the effect depends on the
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Figure 5. Radio-frequency transmittion measurements of the (La,Sc)H, sample in the DAC LS-6. A) Scanning electron microscopy of the ring-shaped
LaSc sample in the center of the Lenz lens system. B) Optical image of the sample after partial laser heating (LH), the LaSc ring is slightly displaced from
the culet center. C) Photograph of the sample after partial cracking of an anvil and pressure drop to 155 GPa. D) Sketch of the RF signal transmission
from Lens 1 to Lens 2 through the hydride sample. Color map corresponds to the distribution of the surface loss density (SLD) on metal surfaces. E)
SLD distribution on a 60 pum ring sample at an excitation current frequency of 200 MHz. F) Real (Re U, black) and imaginary (Im U, red) parts of the
transmitted signal in the warming cycle at a carrier frequency of 19.5 MHz and G) 21.6 MHz. There are pronounced features in the transmission near
the known superconducting transition (240-250 K) in (La,Sc)H;, and in the vicinity of the previously found resistive anomaly (268-279 K).

prehistory of the sample, which stores a kind of “vortex memory”
of the type of cycle (cooling or warming). The discovered diode
effect is not large but is noteworthy because it opens up the pos-
sibility of creating SC diodes based on superhydrides made from
LaH,, at record-high operating temperatures above 220-230 K.
Finally, we observed interference oscillations of electrical
resistance in DAC LS-3 using a previously developed setup
(Figure 4F). Application of a weak modulating magnetic field of
B, ®#10 G with a frequency of v, = 0.1 Hz led to a genera-
tion of higher harmonics up to 14v,, already at a temperature of
226 K (Figure 4G), which is 47 K higher than the previous result
achieved with (La,Ce)H,,,.!*”! The temperature range where the
generation of higher harmonics is observed coincides with the re-
gion of the diode effect. Thus, these effects are interrelated. More-
over, measurements of the voltage drop on the DAC LS-1 sample
in a magnetic field of +300 Gauss at a temperature of 233.4 K
demonstrate a pronounced periodic dependence of R(B), char-
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acteristic of the DC SQUID effect in a ring with a diameter of
~600 nm (Figure S27, Supporting Information).

The SQUID-like effect in (La,Sc)H;, is observed at a small bias
current [, = 400-600 pA, which improves the situation with
heating of the sample. This is significantly less than the 1-2 mA
we had to use in the case of (La,Ce)H;,,,[*) and brings us closer
to the currents applied in commercial SQUIDs (x1-10 pA). Un-
fortunately, the size of the randomly formed SQUID-like con-
tours was about 0.6-1 um or less as indicated by the low sen-
sitivity of the sample to applied magnetic field (Figures S27, Sup-
porting Information).

2.5. Radio-Frequency Transmission Measurements
Considering the signs of a possible high-T, superconducting

transition around 274 K in the La-Sc-H system (DAC LS-3), we
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performed an additional study using the radio-frequency (RF)
transmission method. This highly sensitive method,!®’) which we
used earlier to study the La-H system in combination with high-
pressure 'H NMR and transport measurements,[®* allows us to
detect even small-volume superconducting phases that are not in
contact with the electrodes.

For this experiment, three-stage Ta/Au Lenz lenses were sput-
tered and cut by Ga FIB on both diamond anvils of the DAC LS-6
equipped with a 50 um anvil culet size. These lenses allow to in-
ductively couple the high-frequency signal to the sputtered LaSc
ring (Figure 5A). During laser heating at 174 GPa, we observed
a crack formation and a pressure drop in the DAC to 155 GPa
(Figure 5B,C; Figure S29, Supporting Information). To prevent
the further damage of anvils, the laser heating was stopped at
~15-20% of the sample area. However, the obtained volume of
superconducting phases was sufficient for further study. The ex-
perimental setup is shown in Figure S1 (Supporting Informa-
tion).

The essence of the RF method in combination with the use of
Lenz lenses is that the induced current flows along the surface
and edges of the deposited lenses, concentrating in the area of
the anvil culet with the ring sample placed on it (Figure 5D,E).
At the point of the superconducting transition of the sample, a
sharp change in its surface impedance is observed, which is ex-
pressed in a change in the voltage on the receiving coil and the
appearance of a feature in the form of a step, peak or kink in
the temperature dependence of a sample transmission. The spe-
cific shape of the feature depends on the carrier frequency (i.e.,
the depth of field penetration), the morphology of the sample and
the distribution of superconducting phases in it, as well as on the
width of the vortex liquid region in the hydride under study,[*’3]
in which intense absorption of electromagnetic radiation occurs.

We investigated the temperature interval from 200 to 310 K at
frequencies of 1, 10, 19.5, 21.6, and 200 MHz in the warming and
cooling modes. In all the studied cases, there is a pronounced
feature in the sample transmission in the range from 265 to
290 K (Figure 5F,G; Figure S29, Supporting Information), which
we previously noted in the transport measurements of DAC LS-3.
At some frequencies, such as 19.5 MHz, pronounced RF trans-
mission signals are observed at 242 K and 249 K, which are char-
acteristic of superconductivity in Fm3m-(La,Sc)H,, (Figure 3A).
It also manifests itself as a weak signal at the second harmonic
(2F = 66 Hz) of the low-frequency (F = 33 Hz) modulating field in
which the sample is placed. Thus, the study of the RF transmis-
sion of the (La,Sc)H, sample in DAC LS-6 supports the conclu-
sions of transport measurements about the presence of at least
two fractions in the sample: 1) superconducting phase-I with T, =
240-250 K, and 2) phase-II with T. = 265-290 K. It is important
to note that the obtained results are consistent with the previ-
ous reports on the possible presence of superconducting phases
with the T, 0f 265-280 K in the La-H system under pressurel®68]
(Figure S30, Supporting Information).

3. Conclusion

Our low-temperature (150-300 K, 153-169 GPa) X-ray diffraction
study of superconducting lanthanum-scandium superhydrides
rules out phase transitions with significant symmetry changes
as a possible reason for the sharp drop of electrical resistance

Adv. Funct. Mater. 2025, 35, 2504748

2504748 (10 of 12)

www.afm-journal.de

in the La-Sc hydrides. At 189-196 GPa we discovered a new cu-
bic polyhydride (La,Sc)H,, which demonstrates the disappear-
ance of electrical resistance on all six channels of the van der
Pauw four-contact circuit below 230 K. The onset critical tem-
perature of this phase, which is dominant in our experiment,
reaches T, = 248 K. This finding is in agreement with Anderson’s
theorem for doped BCS-ME superconductors. In addition, La-
Sc hydrides demonstrate pronounced DC SQUID-like interfer-
ence oscillations of electrical resistance in a weak magnetic field,
and diode effect at an unprecedented high temperature of about
233 K.

Our investigation in strong steady and pulsed magnetic fields
shows that magnetoresistance of (La,Sc)H,, is practically absent.
The extrapolated upper critical magnetic field in some heteroge-
neous samples may exceed 200-230 T at 0 K. The measured Hall
coefficient is negative, has no features near T,, and in absolute
value (72 x 1071® m? C™1) is close to the values known for other
superhydrides.

One of the (La,Sc)H, samples at 189 GPa demonstrats
an unusual “metastable” drop in electrical resistance around
274 K. This feature, together with a peak at 240-250 K, which
corresponds to cubic (La,Sc)H;,, is also observed in the radio-
frequency transmission measurements at 155 GPa in the tem-
perature interval of 265-290 K. The potential presence of super-
conductivity above 0 °C in the La-Sc-H system calls for further
research.

4, Ethical Statement

There are no human subjects in this article and informed consent
is not applicable.
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