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Room-temperature superconductivity has 
been an unattainable dream and subject of 
speculative discussions for a long time, but 
times change. The theoretical prediction of 
record high-temperature superconductor 
LaH10

[1] followed by the experimental 
confirmation of its critical temperature 
TC ≈ 250–260 K,[2–4] and the discovery of the 
highest known TC of 288 K at ≈275 GPa in 
the ternary carbonaceous sulfur hydrides 
CSHx,[5] have opened a new field in high-
pressure physics devoted to the investiga-
tion of superconducting metal hydrides. 
Recent successful synthesis of previ-
ously predicted superconducting BaH12,[6] 
ThH10,[7,8] UH7 and UH8,[9] CeH9,[10] 
PrH9,[11] and NdH9

[12] motivated us to per-
form an experimental study of the Y–H 
system to find previously predicted poten-
tial room-temperature superconductor 

3Im m-YH6, stable in the pressure range 
between 110 and 300 GPa.[1,13,14]

Pressure-stabilized hydrides are a new rapidly growing class of high-
temperature superconductors, which is believed to be described within the 
conventional phonon-mediated mechanism of coupling. Here, the synthesis 
of one of the best-known high-TC superconductors—yttrium hexahydride 
IImm mm3 -YH6 is reported, which displays a superconducting transition at ≈224 K 
at 166 GPa. The extrapolated upper critical magnetic field Bc2(0) of YH6 is 
surprisingly high: 116–158 T, which is 2–2.5 times larger than the calculated 
value. A pronounced shift of TC in yttrium deuteride YD6 with the isotope 
coefficient 0.4 supports the phonon-assisted superconductivity. Current–
voltage measurements show that the critical current IC and its density JC may 
exceed 1.75 A and 3500 A mm−2 at 4 K, respectively, which is higher than that 
of the commercial superconductors, such as NbTi and YBCO. The results of 
superconducting density functional theory (SCDFT) and anharmonic calcula-
tions, together with anomalously high critical magnetic field, suggest notable 
departures of the superconducting properties from the conventional Migdal–
Eliashberg and Bardeen–Cooper–Schrieffer theories, and presence of an 
additional mechanism of superconductivity.
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The outstanding superconducting properties combined 
with a relatively low predicted stabilization pressure of about 
110 GPa[13] make yttrium hexahydride very interesting. Starting 
from 2015, the stability field, and physical properties of YH6, 
having a sodalite-like crystal structure similar to another pre-
dicted hexahydride 3Im m-CaH6, have been studied in several 
works.[1,13,14] In 2015, Li et  al.[13] have predicted the stability of 

3Im m-YH6 at pressures over 110  GPa. Solving the Migdal–Eli-
ashberg (ME) equations numerically, they found a supercon-
ducting transition temperature TC   =   251–264  K at 120  GPa 
(with the Coulomb pseudopotential µ*   =   0.1−0.13), with the 
electron–phonon coupling (EPC) coefficient λ reaching 2.93. 
In the study of the physical properties and superconductivity of 

3Im m-YH6 by Heil et al. in 2019,[15] the most detailed so far, the 
calculations were made using the fully anisotropic ME theory 
(as implemented in the EPW code) with Coulomb corrections. 
They have found that an almost isotropic superconducting gap 
in YH6 is caused by a uniform distribution of the coupling over 
the states of both Y and H sublattices and have predicted the 
critical temperature TC = 290 K at 300 GPa.[15] A summary of the 
previous results of theoretical studies of 3Im m-YH6 is shown in 
Table S4 and Figure S12 in the Supporting Information.

Following theoretical predictions, in this work we report 
an experimental study of the superconducting properties of 
yttrium hexahydride 3Im m-YH6, synthesized together with 
YH7 and YH4, after laser-heating yttrium samples compressed 
to 166–172  GPa in the ammonia borane (NH3BH3) medium 
in the diamond anvil cells. In this work, we focused on the 
experimental verification of stability and superconductivity of  

3Im m-YH6 and on the calculation of some physical properties 
that have not been analyzed before.

The high-pressure synthesis was carried out with ammonia 
borane as a source of hydrogen, following the technique that 
has shown good results in previous studies.[2,3,7,11,12] We pre-
pared three diamond anvil cells (DACs) with 50  µm culets 
(K1, M1, and M3), where pure yttrium metal was loaded into 
sublimated ammonia borane and compressed to 166–172 GPa. 

The pulsed laser heating technique was used to heat samples 
at 2400 K (105 pulses, 1 µs pulse width, 10 kHz), which resulted 
in the formation of three compounds 3Im m-YH6 and YH4 or 
YH7+x in all DACs.

The results of the synthesis are strongly dependent on pres-
sure and temperature conditions. In DACs K1 and M1 (the 
X-ray diffraction (XRD) patterns are shown in Figure 1 and  
Figures S7 and S8, Supporting Information), the laser heating 
of the samples at 166 GPa yielded a complex mixture of prod-
ucts with predominant 3Im m-YH6 and, probably, P1-YH7 or 
pseudocubic Imm2-YH7 (Figure S7, Supporting Information), 
which have been found using the USPEX structure search.[16–18]

At higher pressures (172–180  GPa, DAC M3), a much sim-
pler XRD pattern was observed (Figure  1c,d), with peaks only 
from the 3Im m-YH6 and distorted I4/mmm-YH4 phases. The 
experimental lattice parameters and volumes of synthesized  

3Im m-YH6 are given in Table 1 (for YH4 and YH7, see Table S3, 
Supporting Information). All Y– H phases were also theoretically 
examined for the dynamical and mechanical stability according 
to the Born criteria[19] (C11  − C12  >  0, C11  +  2C12  >  0, C44  >  0  
for cubic phases), the obtained results are presented in 
Tables S9–S11 in the Supporting Information.

To estimate the thermodynamic stability and the possibility 
of formation of these hydrides at the experimental pressure–
temperature conditions, we carried out searches for stable Y–H 
compounds using the evolutionary algorithm USPEX[16,17,20] 
at 150, 200, 250, and 300  GPa. The results of the predictions 
at 0, 500, 1000, and 2000 K (with the zero-point energy (ZPE) 
included at the harmonic level) and a pressure of 150 GPa are 
shown in Figure 2 (for other pressures, see Figures S2–S6, Sup-
porting Information).

At 150  GPa and 0  K, with the ZPE contribution taken into 
account, the only stable hydrides are 3Fm m-YH and YH3,  
I4/mmm-YH4, P1-YH7 (Imm2-YH7 is a bit less stable), and 
pseudohexagonal 1P -YH9, whereas 3Im m-YH6 is metastable, 
lying 30 meV per atom above the convex hull (Figure 2a). The  
distorted hydrogen sublattice in 1P -YH9 leads to a lower 
enthalpy of formation compared with previously proposed 
P63/mmc-YH9,[21] which has an ideal hexagonal structure 
(Figure S1, Supporting Information). The cubic modification of 
YH9 with space group 43F m  (isostructural with PrH9)[11] is also 
more stable than P63/mmc-YH9

[21] (Figure 2a).
As temperature rises, YH7 loses stability and at 2000 K is  

100 meV/atom above the convex hull (Figure 2d). Laser heating 
of the samples above 1000  K (Figure  2c) leads to the stabiliza-
tion of 3Im m-YH6 and transformation of the pseudohexagonal  

1P -YH9 to the cubic modification of YH9, which becomes 
stable at temperatures above 1500 K (Figure 2d). Calculations at  
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Table 1.  Experimental (a, V) and predicted (aDFT, VDFT) lattice para
meters and unit cell volumes of Im m3 -YH6 (Z  =  2).

DAC Pressure [GPa] a [Å] V [Å3] aDFT [Å] VDFT [Å3]

M1 166 3.578(3) 45.82 3.573 45.62

K1 168 3.582(3) 45.91 3.565 45.31

M3 172 3.571(2) 45.53 3.557 45.02

M3 177 3.565(9) 45.34 3.551 44.79

M3 180 3.559(8) 45.07 3.546 44.58
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200 and 250 GPa (Figures S5 and S6, Supporting Information) 
show that both P1-YH7 and 3Im m-YH6, which below 150  GPa 
is a metastable “frozen” phase, can form simultaneously, in 
accordance with the experimental data. In contrast to early 
predictions,[1,13,14] our computations, considering P1-YH7 and  

1P -YH9, show that yttrium hexahydride stabilizes at  
100–150 GPa only due to the entropy factor.

It is interesting that 3Fm m-YH10 is thermodynamically 
metastable at 200–250 GPa and 0–2000 K, with the Gibbs free 
energy of formation at least 18 meV per atom above the convex 
hull because of the existence of YH9 (Figures S5 and S6,  
Supporting Information). This may explain the failure to syn-
thesize 3Fm m-YH10 at 243  GPa.[21] On the other hand, the 
stabilization of 43F m-YH9 may shed light on the recent detec-
tion of superconductivity in YHx at 256–262  K by the group 
of Dias.[22]

To measure the superconducting transition temperature of syn-
thesized yttrium hexahydride, all DACs were equipped with four 
Ta/Au electrodes. We used the DACs with a 50 µm culet beveled to 
300 µm at 8.5°. Four Ta electrodes (≈200 nm thick) with a gold plating 
(≈80 nm) were sputtered on the diamond anvil. The composite gas-
kets consisting of a tungsten ring and a CaF2/epoxy mixture were 
used to isolate the electrical leads. To measure the isotope effect in 
YD6, a similar cell D1 loaded with ND3BD3 was prepared.

An yttrium sample with a thickness of ≈1–2  µm was sand-
wiched between the electrodes and ammonia borane in the 

gasket hole with a diameter of 20  µm. In the DAC M3, the 
electrodes were in short-circuit with the tungsten gasket, there-
fore no resistivity measurements were made. The temperature 
dependence of the resistance is shown in Figure 3.

Two slightly different superconducting transitions in YH6 
with TC of 224 K (Figure 3a) and 218 K (Figure 3b) were observed 
in DACs K1 and M1, respectively. In the K1 cell, the electrical 
resistance dropped sharply to zero (from 50 mΩ to 5 µΩ, with 
ΔTC ≈  1–2  K) due to good location of the sample, whereas in 
the M1 cell the electrical resistance did not disappear com-
pletely because of the presence of additional phases (Figure S7,  
Supporting Information). An increase in the pressure from 
170 to 200 GPa in the DAC P1 (Table 2) leads to a decrease in the 
critical temperature of YH6 with a slope dTC/dP = −0.17 K GPa−1 
(Figure S15, Supporting Information).

Figure 1.  a) XRD pattern of the sample in DAC K1 at 166 GPa collected at a wavelength λ  =  0.334 Å. b) Le Bail refinements of Im m3 -YH6, Imm2-YH7, 
and P1-YH7+z (z   =  ±0.5) at 166 GPa. Unidentified reflections are marked by asterisks. c) XRD pattern of the M3 sample at 172 GPa collected with  
λ  =  0.295 Å. d) Le Bail refinements of Im m3 -YH6 and I4/mmm-YH4. The experimental data, fitted line, and residues are shown in red, black, and green, 
respectively. e,f) Crystal structures of YH4 and YH6.

Table 2.  Experimental parameters of the DACs.

DAC Pressure [GPa] Gasket Sample size [µm] Composition/load

K1 166 CaF2/epoxy 10 Y/NH3BH3

M1 165 CaF2/epoxy 12 Y/NH3BH3

M3 172 CaF2/epoxy 9 Y/NH3BH3

D1 172 CaF2/epoxy 15 Y/ND3BD3

P1 170–200 CaF2/epoxy 19 Y/NH3BH3

Adv. Mater. 2021, 33, 2006832
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The YD6 sample (DAC D1, Table 2) synthesized using deu-
terated ammonium borane demonstrates superconducting 
transition at 170 K (Figure 3a), which corresponds to the isotope 
coefficient αexp = 0.4, lower than the BCS theory gives (≈0.5).

The analysis of the electronic and superconducting proper-
ties of the tetragonal YH4 and pseudocubic Imm2-YH7 shows 
that the I4/mmm-YH4 is a metal with a significantly lower calcu-
lated critical temperature (≤115 K) compared with YH6. Another 
possible product of the synthesis in DAC M1, Imm2-YH7, has 
a pronounced pseudogap in the electronic density of states 
N(E), leading to quite a low density of states at the Fermi level 
N(EF), and, as a result, low predicted Tc of 36–46  K (Table  S5, 
Figure S18, Supporting Information). Other possible phases 
of YH7, such as Cc or P1, have even lower N(EF) and TC. Thus, 
none of these phases, except YH6, can explain the observed 
superconducting transition at 224–226 K.

In YH6, the dependence of the TC (YH6) on the magnetic induc-
tion B   =   µ0H was measured at 183 and 200  GPa in the range  
of 0–16  T (Figure  3c,d and Figure S16, Supporting Information)  
and extrapolated using the Ginzburg–Landau[23] and the Wer-
thamer–Helfand–Hohenberg (WHH)[24] models simplified by 
Baumgartner et al.[25] Around 200 K, an almost linear dependence of 
the TC(B) with a gradient dBc2/dT ≈ −1 T K−1 was observed (Figure 3f). 
Surprisingly, we found that in YD6 the dBc2/dT keeps almost the 
same value −1 T K−1 which yields in unexpectedly large extrapolated 
upper critical field µ0Hc2(0) about 114  T (Figure S13, Supporting 

Information). The extrapolated value of µ0Hc2(0) for YH6 is  
116–158 T at 183 GPa, in agreement with the results of Kong et al.[21] 
These data allow us to estimate N(EF)(1 + λ) factor in the interpola-
tion formula proposed by Carbotte[26] for the Bc2(0) of conventional 
superconductors (works well for H3S[27] and LaH10  ,[2,3] Table  S5, 
Supporting Information) at 7.2–13.3 eV−1 f.u.−1.

One of the distinguishing features of superconductors is the 
existence of an upper limit of the current density (JC) at which 
superconductivity disappears. The critical currents and the 
voltage–current (V–I) characteristics for the YH6 sample were 
investigated in the range of 10−4 to 10−2 A in external magnetic 
fields after further compression to 196  GPa (Figure 4a,b). 
The critical current density was estimated on the basis of the 
facts that the size of the sample cannot exceed the size of the 
culet (50 µm), and the thickness of the sample is smaller than 
the thickness of the gasket before the cell is loaded, ≈10  µm. 
A zero-field cooling shows that the critical current density 
in YH6 exceeds 2 × 107  A m−2 at T   =   190  K which points to 
the bulk nature of superconductivity. To compare critical cur-
rents in magnetic fields at low temperatures, we used a single 
vortex model. Critical current density in magnetic fields may 
be defined as the current that creates strong enough force to 
de-pin a vortex or a bundle of vortices. There are two possible 
sources of pinning: nonsuperconducting (normal) particles 
embedded in the superconducting matrix leading to a scat-
tering of electrons, so-called “dl-pinning,” or pinning provided 

Figure 2.  a–d) Calculated convex hulls of the Y–H system at 150 GPa and 0 K (a), 500 K (b), 1000 K (c), and 2000 K (d). The open circles mark meta-
stable phases, the red filled circles correspond to thermodynamically stable phases. The red line is the thermodynamic convex hull of the Y–H system.

Adv. Mater. 2021, 33, 2006832
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by spatial variations of the Ginzburg parameter (κ  = λ/ξ) 
associated with fluctuations in the transition temperature TC,  
so-called “dTC-pinning” (or dk-pinning).

Analysis of the pinning force (Fp  = B·IC) dependence on 
magnetic field (Figure S14a, Supporting Information) shows 
that according to Dew-Hughes[28] the dominant type of pin-
ning in YH6 is “dl-pinning.” This allows us to extrapolate 
IC(T) data to low temperatures within the single vortex model  
JC   =   Jc0(1 − T/TC)5/2(1 + T/TC)–1/2 which is suitable for rather 
low fields of several Tesla in the whole temperature range 
(see eq. (8) in ref. [29]). The extrapolation shows that at 4.2 K the 
critical current IC in the sample can reach 1.75 A and the critical 
current density JC may exceed 3500 A mm−2 (Figure 4c). How-
ever, using the Ginzburg–Landau model,[23] JC = Jc0(1 − T/TC)3/2, 
gives lower values: the maximum critical current IC in the 
sample ≈1  A, and the maximum critical current density JC is 
about 2000  A mm−2 (Figure S14b, Supporting Information). 
These values of JC are comparable with the parameters of com-
mercial superconducting materials like NbTi and YBCO[30] 
(Figure  4d), which opens prospects of using superhydrides in 
electronic devices.

It is interesting to compare the experimentally obtained TC 
with theoretical calculations based on the Bardeen–Cooper–
Schrieffer[31–33] and the ME[34,35] theories. In early theoretical 

works, estimated TC varies from 250 to 285  K,[1,15] (Figure S12,  
Supporting Information) which is quite far from the experimental 
values (224–226 K). Considering that the studied pressure range 
of 165–180 GPa has not been covered in previous papers, we car-
ried out a series of calculations of the superconducting proper-
ties of 3Im m-YH6 at a fixed pressure of 165 GPa (Tables S5–S8, 
Supporting Information) within the ME[34,35] approach, where the 
electron–electron Coulomb repulsion is accounted by one empir-
ical parameter, the Coulomb pseudopotential µ*, and a parameter-
free superconducting density functional theory (SCDFT).[36,37]

Numerical solution of the isotropic ME equations[35] within 
the standard range of µ* (cut-off frequency is 6 Ry)  =  0.15–0.1 
yields a TC   =   261–272  K, which is substantially higher than 
the experimental value for YH6. This significant theoretical 
overestimation of the critical temperature calculated within 
the harmonic approach motivated us to include the effects 
of anharmonicity by performing calculations of the phonon 
band structure and Eliashberg function α2F(ω) using the sto-
chastic self-consistent harmonic approximation (SSCHA)[38–40] 
(Figures S19–20,S27–28, Supporting Information), which is a 
nonperturbative variational method to consider anharmonic 
effects.

At a pressure of 165  GPa, the calculations with the anhar-
monic α2F(ω) show a decrease in the EPC coefficient of YH6 

Figure 3.  Superconducting transitions in the Im m3 -YH6: a) temperature dependence of the electrical resistance R(T) in the YH6 (DAC K1) and YD6 
(DAC D1). Inset: the resistance drops to zero after cooling below TC; b) temperature dependence of the electrical resistance in DAC M1. A ninefold 
decrease is observed. Inset: chamber of DAC M1 with Y sample and electrodes before and after the laser heating. c,d) Dependence of the electrical 
resistance on the external magnetic field (0–16 T) at 183 GPa and a current of 0.1 mA for even (c) and odd (d) values of the magnetic field. Due to the 
presence of several hydride phases in the sample, the superconducting transition in YH6 can be observed as an upward feature of the R(T,H) curves 
due to the shunting effect in the fine-grained samples. The critical temperatures were determined at the onset of the resistance jump. e) The upper 
critical magnetic field was extrapolated using the Werthamer–Helfand–Hohenberg theory[24] and the Ginzburg–Landau[23] theory. f) The dependence of 
the critical temperature TC (YH6) on the applied magnetic field.

Adv. Mater. 2021, 33, 2006832
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from 2.24 to 1.71 and an increase of ωlog from 929 to 1333 K due 
to hardening of the optical phonon modes. The overall influ-
ence of anharmonicity on the critical temperature is a decrease 
by 25  K, and resulting TC is 236–247  K, which is still higher 
than the experimental values. To match the experimental data, 
including isotope coefficient αexp  = 0.4, unusually high values 
of the Coulomb pseudopotential µ*(6 Ry)   =   0.19–0.22 are 
necessary. Estimations for YH6 on the basis of DFT-calculated 
N(EF), λ, and ωlog give an expected upper critical magnetic field 
µ0HC(0)  ≈  60  T, a superconducting gap of 48  meV, a coher-
ence length 0.5 /BCS c2h eHξ π=  = 23 Å, and N(EF) (1 + λ) =  1.92 
(Table S5, Supporting Information).

The upper critical magnetic field µ0Hc2(0), found by extrapo-
lation of the experimental data, exceeds 110  T (and can reach 
158  T in the WHH model), which is more than 2–2.5 times 
higher than the value predicted within the BCS theory. In 
other words, the term N(EF)(1 + λ),  related to the Sommerfeld 
constant, is at least four times higher than follows from DFT 

calculations, and ξexp is 14–17 Å. In this regard, it is curious that 
possible deviation from the ME theory of superconductivity in 
YH6 was recently noted in ref.  [41] on the basis of the TC–TF 
Uemura plot[42] for superhydrides. A similar disagreement, but 
less pronounced, is also observed for 3Fm m-LaH10,[2] where the 
µ0Hc2(0) exceeds the predicted one by ≈30–40%.

The SCDFT calculations, which incorporate the phonon-
mediated pairing, mass renormalization, and pair-breaking Cou-
lomb repulsion under the retardation effect without empirical 
parameters, such as μ* in the ME equations, reveal another 
anomaly of YH6. Solving the SCDFT gap equation with the 
anharmonic α2F(ω) (Equation (S1), Supporting Information) at 
165 GPa yields Tc   =  160 K and Coulomb potential μ = 0.187, with 
an error bar of ≈2.5% originating from the random sampling step 
in solving the equation.[37,43] This value is about 100 K lower than 
the one found using the ME calculations and 64 K (≈28%) below 
the experimental value (224 K). A similar discrepancy has been 
reported in LaH10

[44] and within ab initio Eliashberg theory,[45] but 

Figure 4.  Dependence of the critical current on temperature and external magnetic fields (0–13 T) in Im m3 -YH6 at 196 GPa. a) The critical current at 
different magnetic fields near TC (defined below 50% resistance drop). b) The voltage–current characteristics of the YH6 sample near TC. c) Extrapola-
tion of the temperature dependence of the critical current using the single vortex model[28] JC   =   Jc0(1 − T/TC)5/2(1 + T/TC)–1/2; inset: dependencies 
of the critical current density at 4.2 K on the magnetic field. d) Critical current densities JC of various industrial superconducting wires and of YH6  
(shaded area) at 4.2 K.[84] The lower bound of the critical current density of YH6 was calculated assuming the maximum possible cross-section of the 
sample of 10 × 50 µm2.

Adv. Mater. 2021, 33, 2006832
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in those cases the difference was ≈20–30 K. Apart from this, the 
64 K underestimation still indicates anomalously large impact of 
the Coulomb repulsion and implies something beyond the con-
ventional phonon-mediated superconductivity that boosts the 
critical temperature up to the experimentally observed value.

Within the conventional mechanism, we can try to explain 
the discrepancy using at least two hypotheses. First, it could be 
achieved in the fully anisotropic Eliashberg equation.[46,47] In 
the work of Heil et al.,[15] at low temperatures the gap function 
showed a dispersion with a width of ≈30 meV, indicating that 
the pairing strength depends significantly on the band index 
and wavenumber. As seen in multiband superconductor MgB2, 
averaging approaches using α2F(ω) generally yields smaller 
TC’s for systems with such band and wavenumber depend-
ences.[48] Although the SCDFT gap equation presumably incor-
porates the effects included in the Eliashberg equations, they 
both can give a little different TC values, as has been pointed 
out for LaH10.[47] Also, large phonon energy scales in the hydride 
could give relevance higher order EPC effects beyond the Born–
Oppenheimer and the Migdal approximations. Second, as Sano 
et al.[49] demonstrated, in superconducting sulfur hydride H3S, 
the Debye–Waller correction[50] to the electronic band structure 
(including the finite spread of the ionic sites) and the vertex 
correction (including the higher order perturbation of the self-
energy due to the electron–phonon interaction) both change 
the calculated value of TC by several tens of Kelvin. It would be 
interesting to explore such effects in YH6.

In this study, the novel high-TC superconductor 3Im m-YH6 
was discovered together with I4/mmm-YH4 and YH7 at pres-
sures of 160–196  GPa, confirming theoretical predictions.[1] 
The low-symmetry molecular yttrium hydride P1-YH7+x  
(x = ±0.5) was found to cause complex XRD patterns at 166 GPa. 
The measured critical temperature of 3Im m-YH6 is 224  K, 
which is unexpectedly lower than the theoretically predicted 
value (>273 K).[10] The extrapolated upper critical magnetic field 
µ0HC2(0)  =  116–158 T is more than two times larger than the 
calculated one (≈60 T). Electrical transport measurements show 
that the critical current density JC in our samples may exceed 
3500 A mm−2 at 0 K, which is remarkable in comparison with 
currently known and used superconductors.

Anharmonic effects in 3Im m-YH6 lead to a decrease in the 
EPC coefficient from 2.24 to 1.71 and lowering the critical tem-
perature by 25 K. An anomalously large impact of the Coulomb 
repulsion was found in yttrium hexahydride within both the 
ME and the SCDFT approaches. The calculated TC agreed with 
the experimental critical temperature and the isotope coefficient 
only when the Coulomb pseudopotential µ*(6 Ry) was equal to 
0.19–0.22 and anharmonicity is included in the calculations. 
The parameter-free SCDFT calculations for YH6 give substan-
tially lower TC   =   160  K which implies inaccuracy of SCDFT 
in its current form for this compound, and again suggests the 
importance of effects missing in the conventional ME theory.

Methods Section
Experimental Details: To perform this experimental study, three 

DACs—K1, M1, and M3—were loaded. The diameter of the working 
surface of the diamond anvils was 280 µm beveled at an angle of 8.5° 
to a culet of 50  µm. The XRD patterns of all samples in the DACs 

were recorded at the GSECARS synchrotron beamline at the Advanced 
Photon Source (APS), Argonne, U.S. An X-ray beam with an energy 
of 42 and 37 keV and wavelength λ   =  0.295 and 0.334 Å was focused 
to 2.5 × 3.5  µm. A Pilatus 1M CdTe detector was placed at a distance 
of ≈200  mm from the sample. The exposure time was 20–60  s. LaB6 
standard was used for the detector geometry calibration. The XRD 
data were analyzed and integrated using Dioptas software package 
(version 0.4).[51] The full profile analysis of the diffraction patterns and 
the calculation of the unit cell parameters were performed in JANA2006 
computing system[52] using the Le Bail method.[53]

The heating of the sample was performed at GSECARS by  
≈105 pulses of a Nd:YAG infrared laser with a wavelength λ  =  1.064 µm, 
the duration of each pulse was 1 µs.[54] The temperature measurements 
were carried out using the gray body radiation fit within the Planck 
function at the laser heating system of the GSECARS beamline of the 
APS. The applied pressure was measured by the edge position of the 
Raman signal of diamond[55] using Acton SP2500 spectrometer with 
PIXIS:100 spectroscopic-format CCD.[56] The pressure in the DACs was 
determined by the Raman signal of diamond.[57]

Deuterated ammonium borane (d-AB) was synthesized from NaBD4 
(98% D, Sigma Aldrich) via the reaction with ammonium formate 
HCOONH4 in tetrahydrofuran followed by isotopic substitution (H→D) 
in D2O.[58] After removing of solvents and vacuum drying, the obtained 
ND3BD3 was analyzed by 1H NMR and Raman spectroscopy. Deuterium 
content in the product was found to be 92%. Partially substituted 
NH3BD3 and ND3BH3 might be synthesized in a similar way for later use 
as a source of HD.

Magnetotransport measurements were performed on samples with 
at least two hydride phases and, therefore, the voltage contacts of the 
Van der Pauw scheme might be connected to low-TC phase. As a result, 
the superconducting transition in YH6 could be observed as an upward 
feature of the R(T,H) curves due to the shunting effect in the fine-grained 
samples as described in Figure S17 in the Supporting Information (see 
also refs. [59,60]).

For the Dew-Hughes model[28] of the pinning force f ≈ hp(1−h)q, the 
parameters should be p  = 0.5, q  = 2, hmax  = 0.2, which was close to 
the fit of the experimental data (Figure S14a, Supporting Information). 
Depinning critical current for this type of pinning could be described 
within the single vortices model, where vortices were pinned on 
randomly distributed weak pinning centers via spatial fluctuations of the 
charge carrier mean free path, or in other words “dl-pinning.”

To prove superconducting properties of YH6 samples, an attempt was 
made to detect the Meissner effect—the expulsion of magnetic flux from 
the material. Previously, this effect was measured only once on a sample 
of H3S with a diameter of ≈100 µm.[61,62] However, these typical yttrium 
hexahydride samples were much smaller (Table 2, 9–15 µm), that made 
problematic magnetization measurements by both a superconducting 
quantum interference device (SQUID) magnetometer as well as AC 
magnetic susceptibility method due to the small sample volume.

Computational Details: The computational predictions of the 
thermodynamic stability of the Y–H phase at 150, 200, and 250  GPa 
were carried out using the variable-composition evolutionary algorithm 
USPEX.[16–18] The first generation consisting of 120 structures was 
produced using random symmetric[18] and random topology[63] 
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 DFT[64,65] within 
the Perdew–Burke–Ernzerhof functional (generalized gradient 
approximation)[66] and the projector augmented wave method[67,68] as 
implemented in the VASP code.[69–71] The kinetic energy cutoff for plane 
waves was 600 eV. The Brillouin zone was sampled using the Γ-centered 
k-points meshes with a resolution of 2π  × 0.05  Å−1. The methodology 
was similar to those used in the previous works.[8,72]

The equations of state of the discovered YH4, YH6, and YH7 phases 
were calculated using the same methods with the plane wave kinetic 
energy cutoff set to 700 eV. The phonon densities of states of the studied 
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materials were also calculated using the finite displacements method 
(VASP and PHONOPY).[73,74]

The calculations of superconducting TC were carried out using 
QUANTUM ESPRESSO (QE) package.[75,76] The phonon frequencies and 
EPC coefficients were computed using density functional perturbation 
theory,[77] employing the plane-wave pseudopotential method and 
Perdew–Burke–Ernzerhof exchange-correlation functional.[66] In ab initio 
calculations of the EPC coefficient λ, the first Brillouin zone was sampled 
using a 3 × 3 × 3 or 4 × 4 × 4 q-points mesh and a denser 16 × 16 × 16 
k-points mesh (with the Gaussian smearing and σ   =   0.005  Ry, which 
approximates the zero-width limits in the calculation of λ) for YH7 and YH4.

The calculations of the Eliashberg function of Im m3 -YH6 were 
performed using 6 × 6 × 6 q-points and 60 × 60 × 60 k-points meshes. 
TC was calculated by solving the isotropic Eliashberg equations[35] using 
the iterative self-consistent method for the imaginary part of the order 
parameter Δ(T, ω) (superconducting gap) and the renormalization wave 
function Z(T,  ω) assuming that the Coulomb repulsion between the 
electrons could be parametrized with µ*. More approximate estimates 
of TC were made using the Allen–Dynes formula.[78]

The superconducting transition temperature TC of YH6 was also 
calculated by solving the gap equation in the DFT for superconductors 
(SCDFT)[36,37]

∑ β( ) ( ) ( ) ( ) ( )∆ = − ∆ − ∆′ ′
′ ′

′ ′

′ ′
′ ′

1
2

tanhT Z T T K T E
E

Tnk nk nk nkn k
n k

n k

n k
n k � (1)

with 2 2En k n k n kξ= + ∆′ ′ ′ ′ ′ ′ . Solving this equation for different  
temperatures β   =   1/T, it was seen that the order parameter Δn′k′ had a 
nonzero solution below any threshold temperature, which was identified 
as Tc. Labels n, n′, k, and k′ indicate the Kohn–Sham band and crystal wave 
number indices, respectively. ξnk is the energy eigenvalue of state nk from 
the Fermi level, as calculated using the standard Kohn–Sham equation 

for the normal state. The kernels of the gap equation Znk(T) and Knkn′k′(T) 
represent the electron–phonon and electron–electron Coulomb interaction 
effects, the formulas for which (see paper by Kruglov et al. [44], which is 
based on the method described in refs. [36,37,79,80]) had been constructed 
so that the perturbation effects, almost the same as those in the Eliashberg 
equations with the Migdal approximation,[34,35,81,82] were included. 
The solution of Equation (S1) in the Supporting Information required 
preprocessing to calculate the dielectric matrix for the screened electron–
electron Coulomb interaction within the random phase approximation[83] 
and the electronic density of states (DOS) for the normal state. The 
detailed conditions for the SCDFT calculation are summarized in Table 3.  
The anharmonic calculations, including the vibrational contribution to 
the enthalpy, were performed using the SSCHA.[38] The anharmonic force 
constant matrices of Im m3 -YH6 were obtained by calculating the forces 
in 3 × 3 × 3 supercells and combined with the DFPT electron–phonon 
calculations performed in a fine 12 × 12 × 12 mesh to calculate the 
anharmonic Eliashberg function α2F(ω).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 3.  Detailed conditions for calculating Tc of YH6 within the SCDFT 
approach.

Crystal structure setting (YH6)2 simple cubic

Charge density k 12 × 12 × 12 equal mesh

Interpolation First-order Hermite Gaussian[83] 
with a width of 0.020 Ry

Dielectric matrix ε k for bands crossing EF 15 × 15 × 15 equal mesh

k for other bands 5 × 5 × 5 equal mesh

Number of unoccupied bandsa) 82

Interpolation Tetrahedron with the Rath–
Freeman treatment[85]

Cutoff 12.8 Ry

DOS for phononic 
kernels

k 19 × 19 × 19 equal mesh

Interpolation Tetrahedron with the Blöchl 
correction[67]

SCDFT gap 
function

Number of unoccupied bandsb) 82

k for the electronic kernel 5 × 5 × 5 equal mesh

k for the KS energies 19 × 19 × 19 equal mesh

Sampling points for bands 
crossing EF

6000

Sampling points for other 
bands

200

Sampling error in Tc, % ≈2.5

a)States up to EF + 70 eV are taken into account; b)States up to EF + 70 eV are taken 
into account.
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