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Ytterbium polyhydrides were synthesized through in-situ high pressure laser heating techniques utilizing a

diamond anvil cell. The temperature dependence of resistance measurement at high pressure demonstrates that
the sample undergoes a superconducting transition at 11.5 K at 180 GPa. The investigation of SC under magnetic
field indicates that the upper critical field at zero temperature poHc2(0) is ~ 5 Tesla. From the analysis of the

in-situ high pressure X-ray diffraction experiments, the observed superconductivity is proposed to arise from the
Pm3n YbsHas phase. It is speculated that the low superconducting transition temperature 7, in YbsHs23s might
be associated with the unusual local magnetic moment in Yb at pressure.

DOI: 10.1088/0256-307X/42/4/047401

Introduction. Metallic hydrogen has been proposed to
host room temperature superconductivity (SC) because of
its light mass and special electron configuration, just one
electron outside the nucleus, which are expected to lead
to a high Debye temperature and strong electron-phonon
coupling, respectively. (1 Although the metallization pres-
sure for hydrogen is predicted to be at least 400 GPa, (21
it is proposed that hydrogen metallization can be realized
by compressing polyhydride under reduced pressure due
to the chemical pre-compression effect,” while SC with
high superconducting transition temperature (7;) can be

-6l Since sulfur

kept in such a condensed polyhydride.
hydride of SH3 was experimentally reported to have SC
with T above 200K at 155 GPa, ") great efforts have been
paid to exploring new polyhydride superconductors. [8,9]
Up to now, a series of high T polyhydride superconduc-
tors have been theoretically predicted and experimentally
discovered. 19 The rare-earth hydride of LaH1¢ was first
experimentally reported to have SC with Tc above 250 K
at 170 ~ 200 GPa, > following which yttrium hydride
superconductor of YHg was discovered with T, ~ 243 K at
201 GPa and YHg with 7. ~ 220K at 183 GPa.!'” For the
alkali-earth hydrides, CaHg was found to host SC with T
above 210K at 160-172 GPa. '®1 In addition, many other
binary hydride superconductors with moderate T, have
been experimentally discovered,m’%] such as the rare-
earth hydride of LusHas with T, of 71K at 218 GPa,
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the covalent bonding dominated antimony hydride of SbHy4
with 7. of 116 K at 184 GPa (28] and the transition metal
hydrides of ZrH,, with 7. ~ 71K at 220 GPa ¥ and HfH,4
with 7. ~ 83K at 243 GPa. "]

Magnetism is usually considered to be against to SC.
For the light lanthanide polyhydrides, the 7. value de-
creases when increasing the number of 4f electrons. LaH1o
with zero f electron has the highest Tt while it goes down to
115K, 9K and 5K in the sequence of CeHio,*") PrHg %!
and NdHy.®! For the heavy lanthanide polyhydride of
LusH2s, T again increases to a moderate value because of
the nonmagnetic state for Lu with a full filled f orbital. [°]
At ambient pressure Yb metal also has a full filled f
shell with 4f'*5d°6s? configuration, while under high pres-
sure local magnetic moment would be induced by electron
transfer from 4f to 5d orbital. *? It is expected that the
SC in ytterbium polyhydride should be greatly suppressed
by the induced magnetic moment. However, YbHg and
YbH1 have been theoretically predicted to have high tem-
perature SC with T about 70-90K at 200 GPa**l and
102K at 250 GPa,*¥ respectively. To investigate the SC
in ytterbium polyhydrides, we synthesized the sample un-
der Megabar pressure. SC was found but with a very low
T. = 11.5K at 180 GPa, and the SC is proposed to be as-
cribed to the presence of Pm3n LusHas phase. Our results
suggest that the low T value observed in LusH2gs is closely
related with the appearance of magnetic moment induced
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by pressure.
Methods.
used to prepare the ytterbium polyhydride samples. Dia-

Diamond anvil cell (DAC) technique was

mond anvil with culet diameter of 50 um beveled to 300 wm
was adopted for Megabar pressure experiments. The gas-
ket of T301 stainless was prepressed to ~10 pm thickness
and then drilled with a hole of 300 um in diameter, into
which aluminum oxide was filled. A hole of 40 pm in diam-
eter was further drilled on the densely pressed aluminum
oxide as a high pressure chamber, after which ammonia
borane (AB) was filled into the chamber. AB acts as
the hydrogen source as well as the pressure transmitting
medium. The inner electrodes with a thickness of 0.5 um
were made by depositing Pt on the surface of the anvil
culet. An ytterbium foil (99.9%) with the size of 20 um
X 20 um and 1um in thickness was stacked on the inner
electrodes. The pressure was determined by measuring the
shift of Raman peak of diamond anvil. The details can be
referred to ATHENA procedure reported in Ref. [35].
The samples were heated under high pressure by a
YAG laser with a wavelength of 1064nm and spot size
about 5um in diameter.
mined by fitting the black body irradiation spectra. The

The temperature was deter-

resistance measurements under high pressure were per-
formed in a MagLab system by using a Van der Pauw
method. *%3"] For these measurements an applied electric
current of 1 mA was used.

The in-situ high pressure X-ray diffraction (XRD) ex-
periments at room temperature were performed at 13-IDD
of Advanced Photon Source at the Argonne National Lab-
oratory. For the X-ray beam, the wavelength of is 0.3344 A
and the beam size is ~ 3 pm in diameter. The rhenium was
used as the gasket for the XRD experiments. The pressure
calibration was done by using the equation of state from
rhenium gasket material.

Results and Discussion. Figure 1 displays the tempera-
ture dependence of resistance measured at 180 GPa for the
sample synthesized at the same pressure. The resistance
shows a sharp drop at ~ 11 K and goes down to zero below
5 K. Further, this transition can be suppressed by mag-
netic field as seen in Fig.2(a). Thus, it is proposed that
such an observed sharp drop of resistance should origin
from superconducting transition. The resistance deriva-
tion over temperature was plotted to determine the tran-
sition temperature T,. As seen in the left inset of Fig. 1,
Te is determined to be about 11.5K by the right upturn
of dR/dT curve. Another transition occurs at about 7.3 K
and can be clearly seen from an enlarged view shown in the
right inset of Fig. 1. In fact, before heating the Yb sample
to synthesize polyhydride, in-situ high pressure resistance
measurements have been carried out for the Yb metal un-
der different pressures as seen in Fig. S1. The onset Tt
at 180 GPa for Yb metal reaches 7.3 K, which is the same
as the second transition temperature observed in Fig. 1
and comparable to the reported T ~ 6 K for Yb metal
at 179 GPa,? it is suggested that the second transitions
in Fig. 1 should arise from Yb superconducting transition.
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0.104
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Resistance ()

Temperature (K)
Fig. 1. The temperature dependence of resistance measured
at 180 GPa. The left inset is the resistance derivative over
temperature to determine the first superconducting transi-
tion temperature T¢, and the right inset is the enlarged view
of R(T) to show the second superconducting transition.
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Fig. 2. The SC under magnetic field. (a) The temperature
dependence of resistance measured under different magnetic
field. The dashed line marks the 90% of resistance of the
normal state at onset temperature. (b) The temperature de-
pendence of upper critical magnetic field poHc2(T'). The red
line is the fitting via GL theory. The inset shows the linear
fitting for the poHco(T) data.

However, we cannot rule out other possibilities that the
sample contains hydrides with different hydrogen content
and presents multistep superconducting transitions as usu-
ally seen in other polyhydride superconductors. [13,18,28]
The superconductivity under magnetic field for the
generated ytterbium polyhydride has been studied. Fig-
ure 2(a) shows the resistance measured under magnetic
field (H) at 180 GPa.

transitions are gradually suppressed by H.

Both the two superconducting
It is noted
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that the second transition is completely suppressed at
H = 1T, leading to a nonzero resistance at low tem-
perature. The small resistance drop corresponding to
the second transition implies that the fist superconduct-
ing transition should be the major phase of the sample.
For the first superconducting transition, the dashed line
in Fig. 2(a) marks the 90% of normal state resistance at
onset temperature. The TCQO% value can be determined
by the cross between the dashed line and the resistance
curve. The data of magnetic field versus temperature are
plotted in Fig.2(b), from which the upper critical field
at zero temperature poHq2(0) can be estimated. The in-
set shows the linear curve of uoH(T'), and a linear fitting
leads to a slope of dH.2/dT|r. about —0.81 T /K. By using
the obtained slope value and T2°% = 11K, the 1oHez2(0)
value controlled by orbital deparing mechanism in a dirty
limit [uoHSZ™(0)] can be calculated to be about 6T
from the Werthamer-Helfand-Hohenberg (WHH) formula
of poHe2(T) = —0.69 X dHc2/dT |1, X Tc. In addition, the
1o Hq2(0) value can also be estimated by the Ginzburg Lan-
dau (GL) formula of pig Hea(T') = pioHe2(0) x [1— (T/Te)?].
By using the GL formula to make a fit for the poH(T)
data, the uoHS"(0) is obtained to be about 57T, which
is slightly smaller than puoH3™(0). The GL coherence
length can be calculated to be £ = 81 A from the formula
poHe2(0) = & /21&?, where &g = 2.067 x 107° Web is
the magnetic flux quantum.

To check the superconducting phase, in-situ high pres-
sure XRD experiments have been performed on a new
sample under 190 GPa, of which the synthesis conditions
are similar to that of the sample for resistance measure-

ments. Figure 3(a) displays the typical XRD pattern,
(a) 3000
P=190 GPa « Obs.
Pm3n Cal.
2000 Diff.
t a=5.3265 A | YbeHas
o ;
b= R,=6.9% I Re
£ 1000 Ryp=9.8%
8
=]
i
(b)

Fig. 3. (a) The X ray diffraction pattern collected under
190 GPa and the refinement. (b) The sketch of the crystal
structure of Pm3n-YbysHa3 and the Hog and Hay cages.

from which the peaks from the gasket of Re can be easily
identified, and the majority of the remainder peaks can
be indexed by a cubic lattice with a = 5.3265 A with the
space group of Pm3n. The lattice constant is compara-
ble with that of Pm3n-LusHas at 185 GPa. Thus, the
structure of LusHas was used as an initial mode to carry
out the refinement for the XRD data of ytterbium polyhy-
dride by using the Rietveld method, 23] where the contri-
bution to the diffraction from hydrogen atoms is ignored.
The refinement smoothly converges with Ry, = 9.8% and
R, = 6.9%, which suggests that the initial structural
model is reasonable and the observed ytterbium polyhy-
dride should be Ybs4Hss. Therefore, it is proposed that
observed SC should arise from YbsH23. The crystal struc-
ture of YbsHas is sketched as shown in Fig. 3(b).
the Wyckoff positions of hydrogen atoms in EusHas are

where

used. 8! In the structure of YbsHos, there are two kinds
of hydrogen cages: Hyp and Hz4 cages with the central Yb
atoms located at Yb1 (0, 0, 0) and Ybo (0.25, 0, 0.5) sites,
respectively. The H-H bond length in YbsH2s ranges from
1.208 A to 1.275 A at 190 GPa and is comparable to that
in typical high 7. superconducting polyhydrides. [5,9,10,12]

Following the discovery of LusHas, [23] EusHas, [38]
LasHas P and Y Has, (91 YbyHos is another example ex-
perimentally reported polyhydride with such a stoichiom-
etry. LasHas and Y4Has have not been experimentally
reported to host high 7. SC although they were highly
expected. [39] For EusHas, it was suggested to have a ferro-
magnetic ground state due to the local moment. 381 In our
previous work, LusHss was found to be superconducting
with T, ~ 70K at 218 GPa.?*l Here, the T of YbsHoas is
11.5 K, much lower than LusHs3. Generally, magnetic mo-
ment tends to form a magnetic state and is considered to
be against SC. For the hydride of LaH1¢ without f electron,
it has a high T above 250 K, while the T, value dramati-
cally drops to 9 K in PrHg because of the existence of mag-
netic moment from local f electrons. ") Yb has a full filled
4f shell at ambient pressure and is a non-magnetic metal
with a 4f'*5d%6s? configuration. By applying pressure the
f electron would transfer to 5d orbital, and it has been
revealed that at 125 GPa such an electron transfer leads
to a mixed configurations of 4f45d%6s? and 4f'35d'6s? by
high pressure X-ray absorption experiments. (32] That is for
Yb metal magnetic moment would be induced by pressure,
which might explain why YbsH23 has a very low T, value
relative to LusHos.

Conclusion. In summary, ytterbium polyhydride has
been successfully synthesized at Megabar pressure and
found to host SC with 7. = 11.5K at 180 GPa. The
1oHc2(0) was estimated to be ~5T. The result of in-situ
high pressure X-ray experiments reveals that the SC might
arise from Pm3n-YbsHas phase. It is suggested that the
very low T. in YbsHas should be closely related with the
appearance of local magnetic moment in Yb induced by
pressure.
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