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Methods 

Experiment 

To synthesize the La0.91Nd0.09 alloy, La ingots and Nd powder were weighed in the stoichiometric 

proportion 10:1 in an inert glove box and placed in a ZrO2 crucible filled with toluene to prevent contact with 

atmospheric oxygen during heating. The crucible was heated to 1000 °C and kept at this temperature for four 

hours in an induction furnace in a controlled Ar atmosphere. After cooling, the composition of the melted ingot 

was analyzed using the XRD, X-ray fluorescence (XRF), and EDS methods. The energy-dispersive analysis 

showed that the obtained alloy contains about 8.5–9.5 at% of Nd. The measurements of the X-ray energy-

dispersive spectra (EDS) were performed on FEI Quanta 200 3D scanning electron microscope (SEM) with 

EDAX Genesys setup.  

To prepare the La0.92Nd0.08 and La0.8Nd0.2 alloys, pure La and Nd (99.9%, CHEMCRAFT Ltd.) were 

crushed, washed in dilute HCl and acetone to remove impurities, and dried in a glove box. The components 

were weighed and mixed in a specified ratio. Heating was carried out resistively. The melt was kept in a 

tantalum crucible at a temperature of 1900 K in an inert atmosphere (argon) for 10 min and quenched at an 

initial rate of 200 K/min.  

To synthesize the La0.74Nd0.26 and La0.53Nd0.47 alloys, commercially available metallic La and Nd (99.9% 

purity) produced by Uralredmet Jsc and iTasco Ltd were placed into a glove box with an inert atmosphere. 

The metals were weighed in the respective stoichiometric ratios and placed in a ZrO2-Y2O3 crucible, which 

was filled with toluene and placed into an induction furnace in an inert Ar atmosphere. For La0.74Nd0.26, the 

temperature in the furnace was increased to 950 °C over eight hours and kept for 30 minutes; for La0.53Nd0.47, 

the temperature was raised to 1050°C and kept for 20 minutes. After cooling, samples were taken using a 

carbide cutter under toluene. The EDS analysis showed the presence of less than 0.1% of yttrium and 

zirconium from the crucible in the samples. 

To load the high-pressure diamond anvil cells (DACs), we took material from homogeneous regions of La-

Nd alloys with the desired La:Nd ratio, determined using the EDS and XRF methods. We used the diamond 

anvils with a 50 µm culet beveled to 300 µm at 8.5°, equipped with four ~200 nm thick Ta electrodes with 

~80 nm gold plating that were sputtered onto the piston diamond. Composite gaskets consisting of a rhenium 

ring and a CaF2/epoxy mixture were used to isolate the electrical leads. Lanthanum–neodymium pieces with 

a thickness of ~1–2 µm were sandwiched between the electrodes and ammonia borane NH3BH3 (AB) in the 

gasket hole with a diameter of 20 µm and a thickness of 10–12 µm. The laser heating of the samples above 

1500 K at pressures of 170–180 GPa by several 100 μs pulses led to the formation of ternary lanthanum–

neodymium hydrides whose structure was analyzed using the X-ray diffraction (XRD). 

The XRD patterns of the La0.9Nd0.1H10 sample were recorded at the BL10XU beamline (SPring-8, Japan) 

using monochromatic synchrotron radiation and an imaging plate detector at room temperature.1,2 The X-ray 

beam with a wavelength of 0.413 Å was focused in a 3 × 8 µm spot with a polymer refractive lens SU-8 

produced by ANKA. The XRD data were analyzed and integrated using Dioptas software package (version 

0.5).3 The full profile analysis of the diffraction patterns and the calculation of the unit cell parameters were 

performed using JANA2006 software4 with the Le Bail method.5 The pressure in the DACs was determined 

via the Raman signal of diamond at room temperature.6  

Magnetoresistance measurements under high magnetic fields were conducted in the 24 mm bore, 72 T 

resistive pulse magnet (rise time of 15 ms) at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR). Two 
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series of measurements were performed: in July 2021 (run 1) and in November 2021 (run 2). In the first series 

of experiments, a He bath cryostat and a NiCr coil (heater) wound on a diamond cell were used. For 

temperatures above 77 K, only helium gas was used in the cryostat, lower temperatures were reached by 

immersing the capsule in liquid helium. Silver paint Silberleitlack LS200N (Keramikbedarf) was used to 

lengthen the electrical contacts deposited on the diamond anvils. Strands of the Litz wire glued to the silver 

paint were moved closer together to minimize open loop pickup. The DAC was encased with strips of 

125 µm × 1 cm wide Kapton tape. All twisted pairs were fixed using the GE7031 varnish (Lake Shore, 50:50 

toluene:methanol thinner). Wiring was brought out through four holes in a lid of the VTI (Variable 

Temperature Insert) can which were opened to 2 mm. The 50 Ω heater was wrapped over the Kapton tape 

on the DAC nut (HPN insulated California Fine Wire Stableohm 650125 µm) and connected to upper pads 

just below the T-sensor. 100 µm Cu wire was connected to the heater wires in the gap between the nut and the 

cell body. The T-sensor (Lake Shore Cernox X95809) was secured to the flat of the DAC opening at the height 

of the sample wiring connected to pads above the heater. 

In the second series of experiments, a flow He cryostat (VTI) was used, which made it possible to better 

control the DACs temperature. Cernox thermometers were attached to the DAC gasket for accurate 

measurements of the sample temperature. There was no observable heating from the ramping of the magnetic 

field at rates up to 100 T/sec above 20 K. A high-frequency (3.33 and 33.3 kHz) lock-in amplifier technique 

was employed to measure the sample resistance in a 72 T pulsed magnet. The magnet can be used on very 

special occasions to 72 T, but is usually used to 65 T to extend its lifetime. For the measurements in high 

magnetic fields, we used a four-wire AC method with the excitation current of 0.5–1 mA;7 the voltage drop 

across the sample was amplified by an instrumentation amplifier and detected by a lock-in amplifier. No 

sample heating was observed during ~150 ms long magnet pulse at temperatures above 20 K from 

comparisons of up sweep and down sweep resistance traces at different field sweep rates. Numerous heating 

and cooling cycles, during which the pressure in DACs changes, led to mechanical displacement of a sample, 

as well as to changes in the hydrogen concentration in different parts of it. This process is similar to the 

deformation embrittlement and aging of metals. Indeed, some degradation of the sample and broadening of 

the superconducting transition in it with the emergence of additional steps were observed. For this reason, the 

(La,Nd)H10 samples in the first and second series of experiments slightly differ in their properties. 

 

Theory 

The computational predictions of thermodynamic stability of the La–Nd–H phases at 200 GPa were carried 

out using the variable-composition evolutionary algorithm USPEX.8-10 The first generation consisting of 80 

structures was produced using the random symmetric10 and random topology11 generators, whereas all 

subsequent generations contained 20% of random structures and 80% of those created using heredity, 

softmutation, and transmutation operators. The evolutionary searches were combined with structure 

relaxations using the density functional theory (DFT)12,13 within the Perdew–Burke–Ernzerhof (PBE) 

generalized gradient approximation (GGA) functional14 and the projector augmented wave method15,16 as 

implemented in the VASP code.17-19 The kinetic energy cutoff for plane waves was 600 eV. The Brillouin zone 

was sampled using Γ-centered k-points meshes with a resolution of 2π × 0.05 Å−1. The same parameters were 

used to calculate the equations of state of the discovered phases. We also calculated the phonon densities of 

states of the studied materials using the finite displacements method (VASP and PHONOPY20,21). This 

methodology is similar to the one used in our previous works.22,23  
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The calculations of the critical temperature of superconductivity TC were carried out using Quantum 

ESPRESSO (QE) package.24,25 The phonon frequencies and electron–phonon coupling (EPC) coefficients 

were computed using the density functional perturbation theory,26 employing the plane-wave pseudopotential 

method and the PBE exchange–correlation functional. The critical temperature (TC) was calculated by using 

the Allen–Dynes formula.27 

The dynamic stability and phonon density of states of La9NdH100 and La4NdH50 were studied using classical 

molecular dynamics and interatomic potentials (MTP) based on machine learning.28 It was demonstrated that 

the MTP can be used to calculate the phonon properties of materials.29 Moreover, within this approach we can 

explicitly take into account the anharmonicity of hydrogen vibrations. 

To train the potential, we first simulated La9NdH100 and La4NdH50 in quantum molecular dynamics in an 

NPT ensemble at 2000 K, with a duration of 5 picoseconds using the VASP code.17-19 We used the PAW PBE 

pseudopotentials for the H, La and Nd atoms, 2π×0.06 Å–1 k-mesh with a cutoff energy of 400 eV. For training 

of the MTP, a set of (La,Nd)H10 structures was chosen using active learning.30 We checked the dynamical 

stability of La9NdH100 and La4NdH50 with the obtained MTPs via several runs of molecular dynamics 

calculations at 300 K. First, the NPT dynamics simulations were performed in a supercell with about 1000 

atoms for 40 picoseconds. During the last 20 picoseconds, the cell parameters were averaged. At the second 

step, the coordinates of the atoms were averaged within the NVT dynamics with a duration of 20 picoseconds 

and the final structure was symmetrized. 

Then, the phonon density of states was calculated within the MTP using the velocity autocorrelator (VACF) 

separately for each type of atoms:31 

𝑔(𝜗) = 4∫ cos(2𝜋𝜗𝑡)
〈𝜗(0)𝜗(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 〉

〈𝜗(0)̅̅ ̅̅ ̅̅ 2〉
𝑑𝑡

∞

0

 (S1) 

where 𝜗 is the frequency. The velocity autocorrelator was calculated using molecular dynamics, then the 

phonon DOS was obtained.  
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Structural characterization of the initial La–Nd alloys 

 

Figure S1. (a, b) SEM images of a La–Nd alloy at 0 GPa. Red cross marks the region of the EDS analysis. (c, d) EDS 

spectra from two different points of the sample. Results show about 9 at% of Nd in the obtained alloy.  

 

Figure S2. SEM image and the EDS analysis of a La–Nd alloy at 0 GPa. Results show about 8 at% of Nd in the obtained 

alloy.  
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Figure S3. Energy-dispersive X-ray spectroscopy (EDS) of the (a) La0.74Nd0.26 and (b) La0.53Nd0.47 alloys. 

 

Figure S4. X-ray diffraction patterns of the La–Nd alloys at 0 GPa (Cu-Ka): (a) dhcp-La0.8Nd0.2, (b) hcp-La0.95Nd0.05. 

Asterisks indicate uninterpreted reflections.  
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Diamond anvil cell characterization 

Table S1. Experimental parameters of the DACs used in the X-ray diffraction studies. The data in the second column 

shows the pressure of the laser-assisted synthesis. 

DAC Pressure, GPa Composition 

M1 202–143 La0.91Nd0.09/BH3NH3 

E0 180 La0.91Nd0.09/BH3NH3 

E1 170–180 La0.91Nd0.09/BH3NH3 

E2 170 La0.8Nd0.2/BH3NH3 

E3* 175 La0.92Nd0.08/BH3NH3 

     * The critical temperature of superconductivity of (La,Nd)H10 obtained from this alloy is 157 K at 175 GPa. 

 

 

Figure S5. Optical photography of the diamond anvil culet of DAC M1 loaded with the La–Nd alloy and AB during the 

sequential decompression of the cell. The sample retains its characteristic metallic luster at all pressures. The black dot 

indicates the location where the pressure was measured. Due to the partial cracking of diamond anvils, Raman 

measurements at exactly the center of the sample were not possible. 
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Figure S6. (a) Optical image of the sample in DAC M1 at 170 GPa. After the laser heating, the particle expanded and 

became black. The pressure in DAC M1, measured via the Raman signals of both diamond and hydrogen, was 

170 ± 1 GPa. However, during the transportation to SPring-8, the pressure in DAC M1 spontaneously rose to 202 GPa. 

(b) Raman spectra of DAC M1 during decompression. The numbers indicate the edge frequency of the Raman signal of 

diamond. 

 

Table S2. Experimental lattice parameters and unit cell volume of 𝐹𝑚3̅𝑚-La0.91Nd0.09H10 (Z = 4). 

Pressure, GPa a, Å V, Å3 V, Å3/metal atom 

143 5.1047 133.01 33.25 

148 5.0896 131.84 32.95 

159 5.0578 129.39 32.34 

167 5.0440 128.33 32.08 

172 5.0250 126.88 31.72 

178 5.0103 125.77 31.44 

184 4.9989 124.92 31.22 

190 4.9827 123.71 30.92 

197 4.9665 122.51 30.62 

202 4.9344 120.15 30.03 
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Figure S7. Diffraction patterns of lower La-Nd hydrides prepared from the La0.91Nd0.09 alloy, studied at the Kurchatov 

synchrotron radiation source (KISI, λ = 0.62 Å) in a DAC heated at 35 GPa. After the laser heating, the pressure 

decreased to 27 GPa. The DAC opening angle does not allow detecting a sufficient number of diffraction rings. However, 

the expected compound Fm3̅m-(La,Nd)H3 (a = 5.27 Å, V = 36.6 Å3/La, close to Ref. 32) was apparently present among 

the reaction products (yellow triangles), along with an unknown hydride (panel b, red diamond). The volume of LaH3
32

 

and (La,Nd)H3 in the experiment was considerably larger than theoretically predicted (Vtheory ~ 33.9 Å3/La at 27 GPa). 
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Structural information 

Table S3. Crystal structure of investigated La–Nd–H phases. 

Phase Pressure, GPa Lattice parameters Coordinates 

P1̅-La9NdH100 200 

a = 6.0570 Å 

b = 7.0080 Å 

c = 7.8340 Å 

α = 102.71° 

β = 75.31° 

γ = 106.69° 

La1(1c) 0.00000 0.50000 0.00000 

La2(2i) -0.40029 -0.40001 -0.19997 

La3(2i) 0.19950 -0.30007 -0.39986 

La4(2i) -0.19974 -0.19946 0.39922 

La5(2i) 0.40097 -0.09970 0.19947 

Nd1(1a) 0.00000 0.00000 0.00000 

H1(2i) -0.17703 -0.29505 -0.01992 

H2(2i) 0.41620 -0.19774 -0.21932 

H3(2i) 0.02277 -0.10001 -0.42106 

H4(2i) -0.37512 0.00205 0.37523 

H5(2i) -0.18028 0.19955 -0.01830 

H6(2i) 0.42251 0.29986 -0.22023 

H7(2i) 0.02167 0.40009 -0.41922 

H8(2i) -0.37694 -0.49969 0.37832 

H9(2i) 0.22390 -0.39877 0.17826 

H10(2i) 0.21817 0.09973 0.17668 

H11(2i) 0.12723 -0.24496 -0.12281 

H12(2i) -0.26812 -0.14715 -0.32428 

H13(2i) 0.33511 -0.04803 0.47391 

H14(2i) 0.12978 0.25080 -0.12174 

H15(2i) -0.26420 0.35166 -0.32468 

H16(2i) 0.33347 0.45217 0.47667 

H17(2i) -0.06674 -0.44659 0.27664 

H18(2i) -0.46551 -0.34663 0.07464 

H19(2i) -0.06637 0.05418 0.27215 

H20(2i) -0.47129 0.15088 0.07490 

H21(2i) 0.32149 -0.29412 -0.02838 

H22(2i) -0.07549 -0.19225 -0.22542 

H23(2i) -0.47458 -0.09571 -0.42879 

H24(2i) 0.31918 0.20224 -0.02720 

H25(2i) -0.07588 0.30154 -0.22614 

H26(2i) -0.47297 0.40300 -0.42852 

H27(2i) 0.12682 -0.49631 0.37388 

H28(2i) -0.27291 -0.39473 0.17059 
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H29(2i) 0.12722 0.00387 0.36859 

H30(2i) -0.27458 0.10680 0.16979 

H31(2i) 0.31906 -0.05327 -0.02671 

H32(2i) 0.32474 0.44437 -0.02802 

H33(2i) -0.07557 -0.45375 -0.22678 

H34(2i) -0.47522 -0.35537 -0.42886 

H35(2i) 0.12806 -0.25432 0.37106 

H36(2i) -0.27211 -0.15084 0.16933 

H37(2i) -0.07737 0.04407 -0.22535 

H38(2i) -0.47252 0.14408 -0.42916 

H39(2i) 0.12618 0.24436 0.37139 

H40(2i) -0.27349 0.34553 0.17183 

H41(2i) -0.35686 -0.10099 -0.05067 

H42(2i) 0.24990 0.00210 -0.25079 

H43(2i) -0.35000 0.39998 -0.05003 

H44(2i) 0.25052 -0.49980 -0.24912 

H45(2i) -0.14840 -0.39941 -0.45055 

H46(2i) 0.45332 -0.30082 0.34785 

H47(2i) 0.05047 -0.20106 0.15118 

H48(2i) -0.14656 0.09809 -0.45296 

H49(2i) 0.44999 0.19945 0.34988 

H50(2i) 0.05070 0.30712 0.15355 

C2/m-La4NdH50 200 

a = 11.5686 Å 

b = 3.5030 Å 

c = 8.5788 Å 

α = γ = 90° 

β = 119.52° 

La1(4i) 0.09993 0.00000 0.39863 

La2(4i) -0.30034 0.00000 -0.19963 

Nd1(2b) 0.00000 0.50000 0.00000 

H1(4i) 0.19592 0.00000 -0.07422 

H2(8j) -0.05106 0.24062 0.16851 

H3(4i) -0.49938 0.00000 0.37497 

H4(8j) 0.14657 0.24172 -0.02672 

H5(4i) 0.09965 0.00000 -0.22083 

H6(8j) -0.35035 0.24185 0.22260 

H7(8j) -0.25009 0.24166 0.37284 

H8(4i) 0.10315 0.00000 0.15372 

H9(4i) -0.00414 0.00000 0.11998 

H10(4i) -0.30141 0.00000 0.41680 

H11(4i) -0.30025 0.00000 -0.45020 

H12(4i) -0.09765 0.00000 -0.01894 

H13(4i) 0.29650 0.00000 -0.05100 

H14(4i) -0.29986 0.00000 0.17891 

H15(4i) -0.39554 0.00000 0.27426 
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H16(4i) 0.49993 0.00000 0.24924 

H17(4i) -0.20500 0.00000 0.32382 

H18(4i) -0.40504 0.00000 -0.47634 

H19(8j) 0.45187 0.24057 0.43007 

H20(4i) 0.09998 0.00000 -0.34868 

I4/m-La4NdH50 200 

a = b = 7.8230 Å 

c = 4.9480 Å 

α = γ = β = 90° 

La1(8h) -0.29996 0.10006 0.00000 

Nd1(2b) 0.00000 0.00000 0.50000 

H1(16i) 0.20427 0.10363 0.24044 

H2(16i) -0.09489 -0.04643 0.12382 

H3(16i) 0.30049 -0.35420 0.11776 

H4(16i) 0.00392 0.24839 0.38489 

H5(16i) 0.05007 0.39445 0.37976 

H6(16i) 0.34830 -0.19698 0.37505 

H7(4d) 0.00000 0.50000 0.25000 

C2/m-La2Nd3H50 200 

a = 11.3610 Å 

b = 3.4319 Å 

c = 10.2580 Å 

α = β = 90° 

γ = 134.89° 

La1(4i) 0.29824 0.00000 0.39872 

Nd1(4i) 0.09967 0.00000 -0.20161 

Nd2(2b) 0.00000 0.50000 0.00000 

H1(8j) -0.27884 0.25411 0.16673 

H2(8j) 0.32769 0.25916 -0.02180 

H3(8j) 0.06581 0.25901 0.21820 

H4(8j) 0.11458 0.25562 0.36487 

H5(8j) 0.47408 0.25628 0.42393 

H6(4i) -0.27219 0.00000 -0.07338 

H7(4i) -0.31673 0.00000 -0.21416 

H8(4i) 0.11924 0.00000 0.11641 

H9(4i) -0.34283 0.00000 -0.04387 

H10(4i) 0.47150 0.00000 0.17232 

H11(4i) -0.48123 0.00000 0.31542 

H12(4i) -0.44825 0.00000 -0.34889 

H13(4i) 0.04816 0.00000 0.14798 

H14(4i) 0.08331 0.00000 -0.02127 

H15(4i) -0.12697 0.00000 0.37288 

H16(4i) -0.27939 0.00000 0.42119 

H17(4i) -0.14408 0.00000 -0.44526 

H18(4i) -0.33601 0.00000 0.26525 

H19(4i) -0.25504 0.00000 0.24336 

H20(4i) -0.06957 0.00000 -0.47405 

C2/m-La3Nd2H50 200 a = 11.4142 Å La1(4i) 0.09848 0.00000 0.30011 
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b = 3.4426 Å 

c = 10.3090 Å 

α = β = 90° 

γ = 134.81° 

La2(2d) 0.00000 0.50000 0.50000 

Nd1(4i) -0.30030 0.00000 0.10061 

H1(8j) -0.47553 0.25602 0.07084 

H2(8j) 0.08654 0.25468 -0.26391 

H3(8j) 0.13435 0.25649 -0.11817 

H4(8j) -0.27110 0.25836 -0.31965 

H5(8j) -0.32228 0.25642 -0.47002 

H6(4i) -0.46559 0.00000 -0.16645 

H7(4i) 0.07715 0.00000 -0.02138 

H8(4i) 0.48536 0.00000 -0.31664 

H9(4i) 0.11703 0.00000 0.11687 

H10(4i) -0.31626 0.00000 -0.21338 

H11(4i) 0.45532 0.00000 -0.14567 

H12(4i) 0.14864 0.00000 -0.04923 

H13(4i) 0.27692 0.00000 0.07650 

H14(4i) 0.32835 0.00000 -0.26874 

H15(4i) 0.27379 0.00000 -0.42181 

H16(4i) 0.34998 0.00000 -0.45169 

H17(4i) 0.24919 0.00000 0.25108 

H18(4i) -0.07453 0.00000 -0.47681 

H19(4i) -0.05560 0.00000 0.34681 

H20(4i) 0.13456 0.00000 -0.36809 

P4/mmm-LaNdH20 200 

a = b = 3.4340 Å 

c = 4.8310 Å 

α = β = γ = 90° 

La1(1a) 0.00000 0.00000 0.00000 

Nd1(1d) 0.50000 0.50000 0.50000 

H1(8t) 0.25847 0.50000 0.12716 

H2(8s) 0.24546 0.00000 0.38211 

H3(4i) 0.00000 0.50000 -0.25233 

Immm-La3H8 200 

a = 2.69300 Å 

b = 15.3060 Å 

c = 2.6450 Å 

α = β = γ = 90° 

La1(4g) 0.00000 0.34195 0.00000 

La2(2c) 0.50000 0.50000 0.00000 

H1(4g) 0.00000 0.10020 0.00000 

H2(4g) 0.00000 0.20742 0.00000 

H3(4h) 0.00000 -0.44821 0.50000 

H4(4h) 0.00000 -0.25057 0.50000 
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Thermodynamic stability of La–Nd hydrides 

 

Figure S8. Convex hulls of La–Nd hydrides at 200 GPa. (a–c) Convex hulls of La–Nd hydrides with respect to 

decomposition to LaH10 and NdH10: (a) calculated using VASP with the La pseudopotential with 11 outer shell electrons, 

with and without the spin–orbit coupling (SOC); (b) additionally, the ZPE is included; (c) calculated using the La 

pseudopotential with 9 outer shell electrons at 200 GPa, including the ZPE, with and without the SOC and the Hubbard 

term U – J = 5 eV (Nd, as was done in the Ref. 33). (d–f) Convex hulls of the La–Nd–H system (stable and metastable 

phases are shown in blue and red, respectively): (d) with the SOC at 0 K, without the ZPE effect; (e) with the SOC and 

ZPE at 500 K; (f) with the SOC and ZPE at 1000 K. (g–i) Equations of state (EOS) of La–Nd hydrides calculated using 

the VASP pseudopotentials with 9 and 11 outer shell electrons, with and without the SOC and U – J. Experimentally 

obtained data is shown by open circles, diamonds and filled spheres. The results obtained using Quantum ESPRESSO 

are marked QE. In all cases, the PBE GGA functional was used.  

 

Ab initio calculations with 110 atoms are a big challenge. To simplify the computational problem when 

describing La–Nd–H system, we considered the following fixed compositions (the main models): pseudocubic 

La9NdH100 (10 at% of Nd), La4NdH50 (20 at% of Nd), and LaNdH20 (50 at% of Nd). The DFT+U approach 

with U – J = 5 eV for Nd atoms better explains the experimental equation of states (EOS, Figure S8g–i). When 

the La pseudopotential with 11 outer shell electrons is used, the unit cell volumes calculated using VASP17,18,34 

are lower than the experimental ones by 1 Å3 for both La9NdH100 and La4NdH50, with and without the SOC 

and U – J = 5 eV for Nd (Figure S8g–h). The similar problem of the LaH10 equation of state is that different 

series of experimental measurements and theoretical calculations show that the composition of lanthanum 

superhydride may vary within LaH10±0.5 (or between La2H19 and La2H21) without changing the 
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superconducting properties.  

Calculations of the EOS using the PBE La pseudopotentials in Quantum ESPRESSO24,25 yield much better 

agreement with experiment for both La4NdH50 and La9NdH100 (Figure S8g–i). The calculated equation of state 

of Immm-La3H8 (LaH2.66), whose formation may be explained by the reaction (La9Nd)H10 → (La4Nd)H10 + 

La3H8, is also in close agreement with the XRD results.  

 

Table S4. Temperature dependence of the Gibbs free energy of formation (Gform, eV/atom), computed with the ZPE and 

SOC for various La–Nd–H phases at 200 GPa. “2000 K”, “1000 K” and “500 K” marks in the header denote the 

temperature used in the calculations.  

Phase Eform, 

eV/atom 

ZPE,  

eV/atom 

Eform+ZPE,  

eV/atom 

Gform (2000 K), 

eV/atom 

Gform (1000 K), 

eV/atom 

Gform (500 K), 

eV/atom 

Fm3̅m-La 0 0.0451 0 0 0 0 

Immm- La3H8 -0.7006 0.2204 -0.6985 -0.6112 -0.6665 -0.6912 

Cmcm-LaH3 -0.6374 0.2303 -0.6308 -0.5423 -0.5970 -0.6222 

Cmmm-La3H10 -0.6925 0.2368 -0.6839 -0.5856 -0.6457 -0.6741 

I4/mmm-LaH4 -0.6502 0.2389 -0.6468 -0.5451 -0.6059 -0.6356 

P1̅-LaH5 -0.5704 0.2412 -0.5726 -0.4868 -0.5378 -0.5634 

Fm3̅m-LaH10 -0.3880 0.2227 -0.4268 -0.3639 -0.3981 -0.4179 

P4/nmm-LaH11 -0.3801 0.2644 -0.3790 -0.2887 -0.3415 -0.3681 

P6/mmm-LaH16 -0.2655 0.2256 -0.3090 -0.1815 -0.2663 -0.2981 

C2/c-H 0 0.2831 0 0 0 0 

C2/m-Nd 0 0.0432 0 0 0 0 

P3m1-Nd5H4 -0.3239 0.0464 -0.4273 -0.2879 -0.3868 -0.4161 

C2/m-Nd4H5 -0.3507 0.2061 -0.3211 -0.2920 -0.3001 -0.3132 

Fm3̅m-NdH8 -0.3753 0.2410 -0.3907 -0.3067 -0.3531 -0.3786 

R3m -Nd2H17 -0.3675 0.2314 -0.3940 -0.3175 -0.3595 -0.3828 

F4̅3m-NdH9 -0.3491 0.2331 -0.3751 -0.2969 -0.3398 -0.3637 

Fm3̅m-NdH10 -0.2989 0.2236 -0.3366 -0.3000 -0.3148 -0.3284 

C2/m-LaNdH8 -0.5449 0.2186 -0.5616 -0.4339 -0.5214 -0.5591 

P3m1-LaNdH17 -0.3785 0.2239 -0.4125 -0.3486 -0.3873 -0.4088 

R3̅m -LaNdH18 -0.3877 0.2314 -0.4156 -0.3475 -0.3879 -0.4108 

P4/mmm-LaNdH20 -0.3306 0.2186 -0.3734 -0.3205 -0.3524 -0.3702 

P1-La9NdH100 -0.3702 0.2233 -0.4083 -0.3509 -0.3813 -0.3996 

C/2m-La4NdH50 -0.3830 0.2272 -0.4173 -0.3585 -0.3905 -0.4091 

I4/m-La4NdH50 -0.3830 0.2314 -0.4130 -0.3523 -0.3855 -0.4047 
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Figure S9. Migration (indicated by arrows) of neodymium atoms in the LaH10 lattice. The captions to the arrows are the 

formation energy differences ΔH in μeV/atom berween the corresponding P1-La9NdH100 modifications. For simplicity, 

hydrogen is not shown. Such low energy barriers between structures with different distributions of Nd atoms indicate 

that in the real structure the Nd atoms will be randomly distributed in the La sublattice of LaH10. 
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Electron, phonon band structures and superconductivity of La–Nd hydrides 

 

Figure S10. Harmonic phonon band structure and density of states for various La–Nd hydrides at 200 GPa. Almost all 

models of ternary La–Nd hydrides have imaginary phonon modes in the harmonic approximation. 
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Figure S11. (a–i) Electronic density of states for various La–Nd hydrides at 200 GPa. With an increase in the Nd content, 

the density of states at the Fermi level increases because of the d, f electrons of neodymium, whereas the relative 

contribution of hydrogen decreases. (h) Dependence of the calculated electronic DOS at the Fermi level, total and 

projected on H (in percent), on the Nd content. (i) Electronic band structure near the Fermi energy of P1-La9NdH100 at 

200 GPa. 

 

The comparison of the density of states at the Fermi level DOS(EF) for La1–xNdxH10 (Figure S11) shows 

that Nd atoms, which have the f electrons, increase the total DOS(EF), but the contribution of the H sublattice 
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decreases correspondingly. As a rule, high-temperature hydride superconductors have a relatively high 

contribution of hydrogen to the density of electronic states35,36. In the limit of zero H-contribution to DOS, we 

arrive at superconductivity in pure metals, where TC does not exceed 30 K even at high pressures. Here, an 

increase in the Nd concentration leads to a decrease in the relative contribution of hydrogen to the total density 

of states, which qualitatively corresponds to a decrease in the critical temperature of superconductivity of 

(La,Nd)H10. 

On the other hand, TC is generically expected to rise when an increase in the number of superconducting 

carriers leads to filling of additional conduction bands: the density of states increases, and the superconducting 

coupling increases accordingly, with important effects on TC. However, in our case this idea obviously does 

not work, primarily, due to the disordered arrangement of Nd atoms. Moreover, an increase in the density of 

electronic states at the Fermi level in hydrides of heavy lanthanides stabilizes the macroscopic magnetic 

ordering, which is not good for superconductivity.  

 

Figure S12. (a–d) Anharmonic phonon density of states at 200 GPa and 300 K for P1̅ and P2/m phases of La9NdH100 

and C2/m and I4/m phases of La4NdH50. The calculations show that the model ternary La–Nd hydrides are dynamically 

stable in the anharmonic approximation and can be used for a theoretical description of compounds synthesized in the 

experiment. (e, f) Anharmonic Eliashberg functions and integrated EPC parameters λ for pseudocubic C2/m- and 

I4/m-La4NdH50 at 200 GPa. The calculations were performed using the same methodology that was used in the works 

on europium hydrides37 and La-Y hydrides22. 
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Figure S13. Phonon density of states and the Eliashberg function obtained in the harmonic and anharmonic calculations. 

(a, d) Phonon density of states (PHDOS) for C2/m- and I4/m-La4NdH50 at 200 GPa. (b, e) Eliashberg functions for 

C2/m- and I4/m-La4NdH50. (c, f) Contribution of the electron band structure to the Eliashberg functions. The calculations 

were performed using the same methodology that was used in the works on europium hydrides37 and La-Y hydrides22. 

 

Complete suppression of superconductivity due to scattering by paramagnetic impurities cannot be 

predicted using the standard DFT calculations in Quantum ESPRESSO.24,25 To compare the experimental 

results with theoretical predictions, we calculated the superconducting properties of the model La–Nd–H 

phases: pseudocubic C2/m-La4NdH50, I4/m-La4NdH50, P4/mmm-LaNdH20, C2/m-La2Nd3H50, and 

Fm3̅m-NdH10. All these phases are built from Fm3̅m-LaH10 by partially replacing the La atoms with Nd. The 

results of the calculations of the electron–phonon coupling parameters using the LDA Perdew–Zunger (PZ) 

exchange–correlation functional are in qualitative agreement with the experimental observations: TC of 

La1–  xNdxH10 decreases as the Nd concentration rises (Figure S15). Using the PBE pseudopotentials for La and 

Nd leads to overestimation of TC for all La1–xNdxH10 compositions including NdH10 (using the Allen–Dynes 

(AD) formula with μ* = 0.1 results in TC = 266 K, which is far from the experimental data 33 (Figure S14)).  

Comparing the two crystal modifications of La4NdH50 (C2/m and I4/m, Figure S12, S14-15) which have a 

very similar XRD pattern, it should be noted that there are reasons, except the spin flip scattering discussed 

earlier, why Nd may suppress superconductivity in LaH10. Doping by Nd slightly distorts the H sublattice of 

LaH10 and reduces its high symmetry. Even though Anderson’s theorem is well satisfied in slightly disordered 

systems, we should remember that the presence of a strong disorder, as indicated by wide experimental 

superconducting transitions (ΔTC > 30 K), is by itself an effective pair-breaking mechanism that suppresses 

superconductivity.38 
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Figure S14. Eliashberg functions and integrated λ(ω) of the La–Nd polyhydrides at 200 GPa calculated using Quantum 

ESPRESSO (QE) with the PBE GGA pseudopotentials and various q- and k-meshes. Neodymium does not suppress 

superconductivity in this series of QE calculations. 

 

 
Figure S15. Eliashberg functions and integrated λ(ω) of the La–Nd polyhydrides at 200 GPa calculated using Quantum 

ESPRESSO with the norm-conserving Perdew-Zunger LDA pseudopotentials and various q- and k-meshes. These 

calculations indicate that Nd suppresses superconductivity. 

 

Table S5. Superconducting parameters for Nd-doped LaH10 calculated at 200 GPa using the norm-conserving Perdew-

Zunger LDA pseudopotentials.  

Nd doping, % 𝑇C, K λ ωlog, K 

0 281 3.54 973 

20 (C2/m) 117 1.04 1462 

20 (I4/m) 180 1.43 1468 

50 24 0.51 1797 

100 55 1.31 500 
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The number of atoms in the unit cell of pseudocubic P1̅-La9NdH100 is too large for a direct calculation of 

TC, therefore we constructed the virtual crystal approximation (VCA) appended with the La–Nd norm-

conserving Perdew-Zunger pseudopotentials. For this compound, the calculations within the VCA at 200 GPa 

give TC = 150 K, close to the experimental value (Figure S16). However, none of the variants of mixed La–

Nd pseudopotentials tested in this work made it possible to describe, even qualitatively, the dependence of TC 

on the Nd concentration in the entire range. 

 

Figure S16. Eliashberg functions of (La,Nd)H10 with 10 at% and 20 at% of Nd calculated using the VCA PBE 

pseudopotentials. Almost identical superconducting properties for different compounds indicate the inefficiency of the 

proposed mixed La–Nd pseudopotentials.  
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Pulse magnetic and transport measurements in DACs 

 

Figure S17. Pulsed magnetic measurements. (a) 72 T pulsed magnet system and (b, c) Ni–Cr–Al diamond anvil cell 

E1 used for determining the magnetic phase diagram of La0.91Nd0.09H10 at 170 GPa. Diameter of the diamond anvil cell 

is 15.1–15.3 mm. 

 

Figure S18. Currently known part of the magnetic phase diagram of superhydrides. The captions on the right show the 

proposed chemical formula and the scientific group that investigated the compound (HP indicates high-pressure 

synthesis, LP — low-pressure synthesis). As far as we know, no high-TC polyhydride has a well-defined saturation of 

HC2(T) at low temperatures predicted by the Werthamer–Helfand–Hohenberg (WHH) theory. 
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Figure S19. Electrical resistance of (La,Nd)H10 with 9 at% of Nd at 170-180 GPa studied within the second series of 

high-field measurements (Nov. 2021, run 2). (a) Electrical resistance of the (La,Nd)H10 sample (DAC E1) versus 

temperature after experiments in pulsed magnetic fields, warming cycle. (b) Dependence of the real part of the electrical 

resistance on the magnetic field. (c, d) The analysis of the cooling T step for the sample in DAC E0, the importance of 

which for experiments in high-pressure cells was pointed out by J. Hirsch,39,40 shows the absence of anomalies near TC. 

(e) Superconducting transition and the initial temperature dependence of the La0.91Nd0.09H10 resistance at 170 GPa in 

DAC E1 (before experiments in pulsed fields). This sample was used for pulsed magnetic measurements in run 2. Inset: 

residual resistance of the sample after the superconducting transition. 
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Figure S20. (a, b) Temperature and magnetic field (at H = 0 and 2 T) dependences of the resistance for La0.8Nd0.2H10 

sample at 170 GPa in DAC E2, cooling and warming cycles. R(T) shows a nonmetallic character with signs of instability 

of the electrode system. (c, d) The same measurements for the La0.8Nd0.2H10 sample performed after keeping the DAC 

E2 for 60 days. The character of R(T) changed, but electrical resistance anomaly at ~20 K remains the same. This 

anomaly shifts to the low temperature region when an external magnetic field is applied. 

 

Figure S21. (a) Current–voltage characteristics of the DAC E0 at 180 GPa in the temperature range of 106–126.7 K in 

the absence of an external magnetic field. (b, c) Absolute and relative broadening of the superconducting transitions in 

(La,Nd)H10 (DAC E1) in low magnetic fields of 0–16 T. 
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Figure S22. The low-temperature resistance anomaly in the (La,Nd)H10 sample doped with 9 at% of Nd at 170 GPa 

(DAC E1). The formally negative resistance below 50 K is due to the reactive component of the impedance (parasitic 

capacitance) that occurs when a sinusoidal signal is used for measurements. (a) Wide superconducting transitions (75–

150 K) and a jump in the electrical resistance in the low-temperature region (< 20 K), which is observed regardless of 

the frequency (17 Hz and 90 kHz) and current (0.1 and 0.5 mA) used. (b) Resistance R(T) anomaly in various external 

magnetic fields up to 7 T. (c) The onset transition temperature about 8.6 K observed in the zero-field cooling and 

warming using different frequencies (20, 423 Hz, and 10 kHz) and excitation currents (1 μA and 1 mA). (d) Dependence 

of the sample resistance at 1.75 K on the applied magnetic field. The anomalous resistance behavior disappears at 

H > 7.5 T. We cannot rule out that this anomaly is due to the presence of unknown superconducting impurity. (e) 

Calculated Néel temperature of destruction of the antiferromagnetic (AFM) ordering and (f) the most stable magnetic 

structure (AFM) of the P1̅-La9NdH100 at 150 GPa.  
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Calculations of the magnetic ordering of La–Nd hydrides 

A possible interplay between superconductivity and magnetism in lanthanide polyhydrides is one of the 

most motivating factors for their investigation. Nd is the first metal in the lanthanide series whose hydrides 

should be magnetically ordered.33 (La,Nd)H10 studied in this work is possibly the first example of a 

polyhydride in which the magnetic ordering and the superconducting state coexist on the magnetic phase 

diagram and competitively suppress each other at ~9 K (Figure S22).  

We explored the magnetic properties of P1̅-La9NdH100, starting with determining its most stable collinear 

magnetic ordering - ferromagnetic (FM) or antiferromagnetic (AFM). Eight trial configurations were 

examined, one FM and seven AFM (Figure S23). The AFM configurations are exhaustive up to the supercell 

La18Nd2H200 and were generated with the help of the derivative structure enumeration library enumlib.  

The converged parameters of our calculations are: 670 eV for the kinetic energy cutoff of the plane wave 

basis set, l = 30 for the automatic generation of  -centered Monkhorst–Pack grids as implemented in the 

VASP code, and the smearing parameter  = 0.1 with the Methfessel–Paxton method of order 1. These 

parameters give us a maximum error of 1 meV/atom with respect to more accurate calculations; they were 

also used in the study of the remaining phases P4/mmm-LaNdH20, C2/m-La4NdH50, and I4/m-La4NdH50. We 

performed the full relaxation at 150 GPa without the spin–orbit coupling for the eight magnetic configurations. 

For some configurations, the magnetic moments changed orientation after the relaxation (Table S6). 

The most stable collinear configuration for P1̅-La9NdH100 is AFM2. The Ising Hamiltonian was used to 

model the magnetic interactions, considering them only up to first nearest neighbors. We used the Ising 

Hamiltonian together with the relaxed enthalpies of the FM and AFM2 configurations from Table S6 to 

compute the coupling constant J1. The critical temperature of our Heisenberg model was obtained from a 

Monte Carlo simulation as implemented in VAMPIRE software. The size of the simulation box was 

25×25×25 nm after the convergence tests, the transition temperature was taken as the value where the 

normalized mean magnetization length goes below 0.25. The obtained values of the coupling constant and 

Néel temperature (the point above which certain AFM material becomes paramagnetic) are shown in Table S7, 

the mean magnetization length plotted against the temperature — in Figure S24. 

 

Figure S23. Eight trial magnetic configurations for P1̅-La18Nd2H200. For clarity, the hydrogen atoms are not shown. 
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Table S6. Enthalpy and magnetic ordering of the trial magnetic configurations for P1̅-La9NdH100 after the full relaxation 

without the spin-orbit coupling. 

Initial configuration Final configuration 
Enthalpy,  

meV/Nd atom 

Initial magnetic 

moments, µB 

Final magnetic 

moments, µB 

FM FM 406.9 [+4, +4] [+3.004, +1.012] 

AFM1 AFM1 4.36 [+4, -4] [+3.001, -3.001] 

AFM2 AFM2 0 [+4, -4] [+3.002, -3.002] 

AFM3 FM 421.46 [+4, -4] [+3.002, +1.024] 

AFM4 AFM4 263.12 [+4, -4] [+3.303, -3.003] 

AFM5 AFM5 259.9 [+4, -4] [+3.003, -3.318] 

AFM6 - 813.5 [+4, -4] [+3.003, -0.080] 

AFM7 AFM7 244.25 [+4, -4] [+2.999, -3.312] 

 

Table S7. Coupling constant J1 and the estimated Néel temperature of P1̅-La9NdH100. 

J1, J/link TN, K 

-3.2596 × 10–20 12 

 

 

 
Figure S24. Normalized mean magnetization length of the spin-up channel with respect to the temperature in 

P1̅-La9NdH100, obtained using the Monte Carlo simulation. 

 

For P4/mmm-LaNdH20, we also examined eight trial configurations, one FM and seven AFM (Figure S25), 

which are exhaustive up to the supercell La2Nd2H40. We performed the full relaxation at 150 GPa without the 

spin–orbit coupling. For some configurations, the magnetic moments changed orientation after the relaxation 

(Table S8). 

The most stable collinear configuration for P4/mmm-LaNdH20 is FM. For this phase, we cannot estimate 

the critical temperature because the system of equations arising from the effective Hamiltonian is singular. 
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Figure S25. Trial magnetic configurations for P4/mmm-LaNdH20. For clarity, the hydrogen atoms are not shown. 

 

Table S8. Enthalpy and magnetic ordering of the trial magnetic configurations for P4/mmm-LaNdH20 after the full 

relaxation without the spin–orbit coupling. NM stands for nonmagnetic. 

Initial 

configuration 
Final configuration 

Enthalpy,  

meV/Nd atom 

Initial magnetic 

moments, µB 

Final magnetic 

moments, µB 

FM FM 0 [+4, +4] [+2.249, +2.249] 

AFM1 NM 319.72 [+4, -4] [+0.035, -0.035] 

AFM2 AFM2 147.11 [+4, -4] [-2.077, +2.077] 

AFM3 AFM3 148.25 [+4, -4] [-2.077, +2.077] 

AFM4 NM 325.65 [+4, -4] [-0.041, -0.038] 

AFM5 NM 323.74 [+4, -4] [+0.083, -0.075] 

AFM6 NM 323.31 [+4, -4] [+0.083, -0.075] 

AFM7 AFM7 107.83 [+4, -4] [-2.209, +2.209] 

 

Similarly, one FM and seven AFM trial configurations were also examined for I4/m-La4NdH50 (Figure S26) 

and C2/m-La4NdH50 (Figure S27). These configurations are exhaustive up to the supercell La8NdH100. The 

full relaxation was performed at 150 GPa without the spin–orbit coupling. After the relaxation, the magnetic 

moments changed the orientation for some configurations (Tables S9 and S10). 

The most stable collinear configuration for I4/m-La4NdH50 is AFM2. The critical temperature cannot be 

estimated for this phase because the system of equations arising from the effective Hamiltonian is singular. 

In the case of C2/m-La4NdH50, all configurations relaxed to the nonmagnetic state, so the collinear analysis 

shows that the material is nonmagnetic. We do not exclude the presence of nonzero magnetic moments after 

noncollinear calculations. 
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Figure S26. Trial magnetic configurations for I4/m-La4NdH50. For clarity, the hydrogen atoms are not shown. 

 

Table S9. Enthalpy and magnetic ordering of the trial magnetic configurations for I4/m-La4NdH50 after the full 

relaxation without the spin–orbit coupling. NM stands for nonmagnetic. 

Initial 

configuration 
Final configuration 

Enthalpy,  

meV/Nd atom 

Initial magnetic 

moments, µB 
Final magnetic moments, µB 

FM NM 137.74 [+4, +4] [+0.003, +0.003] 

AFM1 NM 139.58 [+4, -4] [-0.003, +0.003] 

AFM2 AFM2 0.0 [+4, -4] [+1.879, -1.879] 

AFM3 AFM3 31.68 [+4, -4] [+1.876, -1.876] 

AFM4 AFM4 30.3 [+4, -4] [+1.871, -1.871] 

AFM5 NM 130.62 [+4, -4] [+0.000, -0.000] 

AFM6 AFM6 36.63 [+4, -4] [+1.842, -1.842] 

AFM7 AFM7 44.82 [+4, -4] [+1.836, -1.836] 

 

 

 
Figure S27. Trial magnetic configurations for C2/m-La4NdH50. For clarity, the hydrogen atoms are not shown. 
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Table S10. Enthalpy and magnetic ordering of the trial magnetic configurations for C2/m-La4NdH50 after the full 

relaxation without the spin–orbit coupling. NM stands for nonmagnetic, * means that the calculations did not converge 

after 300 ionic steps. 

Initial 

configuration 
Final configuration 

Enthalpy,  

meV/Nd atom 

Initial magnetic 

moments, µB 

Final magnetic 

moments, µB 

FM NM 77.84 [+4, +4] [+0.000, +0.000] 

AFM1 - 15.26 [+4, -4] [-0.069, -1.912] 

AFM2 NM 91.33 [+4, -4] [-0.026, +0.026] 

AFM3 NM 39.43 [+4, -4] [+0.037, +0.022] 

AFM4 NM 0.03 [+4, -4] [-0.064, +0.031] 

AFM5 NM 76.74 [+4, -4] [+0.000, -0.000] 

AFM6 * * [+4, -4] *  

AFM7 NM 0. [+4, -4] [-0.064, +0.031] 
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