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Abstract. Of the 52 known elemental superconductors among the 92 naturally occurring 
elements in the periodic table, fully 22 only become superconducting under sufficiently high 
pressure. In the rare-earth metals, the strong local magnetic moments originating from the 4f 
shell suppress superconductivity. For Eu, however, Johansson and Rosengren have suggested 
that sufficiently high pressures should promote one of its 4f electrons into the conduction band, 
changing Eu from a strongly magnetic (J=7/2) 4f7-state into a weak Van Vleck paramagnetic 
(J=0) 4f6-state, thus opening the door for superconductivity, as in Am (5f6). We report that Eu 
becomes superconducting above 1.8 K for pressures exceeding 80 GPa, Tc increasing linearly 
with pressure to 142 GPa at the rate +15 mK/GPa. Eu thus becomes the 53rd elemental 
superconductor in the periodic table. Synchrotron x-ray diffraction studies to 92 GPa at 
ambient temperature reveal four structural phase transitions. 

1.  Introduction 
An important open question in condensed matter physics is whether the ground state of all 
nonmagnetic metals might be superconducting. For the elements, the known values of the 
superconducting transition temperature Tc vary over nearly six orders of magnitude from 325 µK for 
Rh [1] to 160 K for the high-Tc superconductor HgBa2Ca2Cu3O8 at 30 GPa pressure [2]. However, we 
emphasize that there is no reason that the value of Tc for a particular material cannot be 10-20 K or even 
lower, a value far below that inaccessible to experiment. That such elements as the noble metals or 
some alkali metals are not listed as superconducting may simply be that experiments have not yet been 
carried out to sufficiently low temperatures. Superconductivity is a complex phenomenon. A reliable, 
accurate estimate from theory of the value of Tc for an arbitrary material is not yet possible. Since 
elemental metals contain only one atomic species, one would anticipate that a thorough understanding 
of their properties, including superconductivity, should be relatively easy to attain. 

In Figure 1 we display the Periodic Table of Superconductivity where the 30 elements in yellow 
superconduct at ambient pressure and those (33) in light green are known to superconduct only if 
external pressure is applied. See the figure caption for further details. Of the 92 naturally occurring 
elements in the periodic table, fully 53 superconduct either at ambient or high pressure. The latest is 
the object of this paper, europium (Eu), an antiferromagnet, where we report supercon-ductivity near 2 
K for pressures exceeding 80 GPa [3]. 
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Figure 1.  Periodic Table listing elements which superconduct at ambient pressure (yellow) or only 
under high pressure (light green). For each element the upper position gives the value of Tc(K) at 
ambient pressure; middle position gives maximum value Tc

max(K) in a high-pressure experiment at the 
pressure P(GPa) (lower position). If Tc decreases under pressure, only the ambient pressure value of 
Tc is given. Sources for Tc values are given in Ref. [4]. 
 

Why is superconductivity in Eu of particular interest? Because Eu is one of only two elemental 
metals in the periodic table where partially filled, highly localized orbitals may coexist with supercon-
ductivity, the other being Am. In all rare earths except La and Lu, strong local magnetic moments in 
the 4f shell prevent superconductivity from occurring at ambient pressure. In contrast to the other rare-
earth metals, however, Eu and Yb are divalent and thus possess much larger atomic radii than their 
trivalent brothers. Under sufficient pressure one would expect Yb to become trivalent and thus 
magnetic as one 4f-electron is promoted into the conduction band 4f14 (L = S = J = 0) to 4f13 (J= L+S = 
3+1/2 = 7/2). In contrast, under sufficient pressure divalent Eu, which is strongly magnetic with 4f7 (J 
= S-L = 7/2), would become trivalent with 4f6 where J = L-S = 3-3 = 0, a nonmagnetic ground state. 
Because of quantum mechanical mixing with the low-lying magnetic excited states, trivalent Eu 
should exhibit only Van Vleck paramagnetism, a very weak form of magnetism which, as we know 
from americium (Am), is able to coexist with superconductivity. For this reason Johansson and 
Rosengren [5] predicted many years ago that Eu would be expected to become superconducting under 
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sufficiently high pressure. In 1981 Bundy and Dunn [6] were unable to find superconductivity in Eu to 
pressures as high as 40 GPa in their experimental range above 2.3 K. In the present experiments a 
diamond-anvil cell was used to extend the experimental pressure and temperature ranges to 142 GPa 
and 1.5 K, respectively. 

2.  Experiment 
For the ac susceptibility experiments on Eu a membrane-driven diamond-anvil cell [7] was used with 
1/6-carat, type Ia diamond anvils with 0.18 mm culets beveled at 7o out to 0.35 mm. The disc-shaped 
metal gaskets were 250 µm thick and 2.8 mm diameter. The gaskets were preindented to 25-30 µm, 
and a 90 µm diameter hole was electrospark drilled through the center. The high-purity Eu sample 
(99.98% metals basis), obtained from the Materials Preparation Center of the Ames Laboratory [8], 
was packed into the gasket hole together with several tiny ruby spheres to allow the determination of 
the pressure in situ at 1.6 K from the R1 ruby fluorescence line with resolution 0.2 GPa using the 
revised pressure scale of Chijioke et al [9]. No pressure medium was used. The three highest pressures 
attained (127, 135, and 142 GPa) were determined from the shift in the diamond vibron [10] at the 
sample center since the ruby fluorescence could no longer be resolved at these extreme pressures.  

The room-temperature synchrotron x-ray experiments on Eu were carried out up to 92 GPa at 
HPCAT, beamline 16ID-B, using a wavelength of 0.41493 Å. A Mao-type symmetric cell was used 
with identical diamond anvils as above. Here the gaskets were made of Re rather than CuBe. Pt 
powder was included with the Eu sample in the gasket hole to serve as an internal manometer. Further 
details of the DAC techniques are given elsewhere [4,7,11]. 

3.  Results of Experiment 
Four-point electrical resistivity measurements to 91 GPa were carried out on Eu [3]; however, the 
failure of one of the four Pt leads made a quantitative analysis difficult. At 73, 81, and 91 GPa a sharp 
downturn is observed in the resistivity near 2 K which suggests a superconducting transition. 
However, the resistivity does not approach zero, presumably because of the failure of one of the Pt 
leads.  

An ac magnetic susceptibility measurement, a far superior indicator of a superconducting 
transition, was attempted next, yielding the results shown in figure 2. Whereas at 76 GPa no evidence 
is seen for a superconducting transition down to nearly 1.5 K, for pressures of 84 GPa and above a 
large, sharp diamagnetic transition is observed first at 1.78 K which increases with pressure at the rate 
+18 mK/GPa, reaching 2.75 K at 142 GPa. The magnitude of this transition is consistent with full 
superconducting shielding. These values of Tc for Eu at pressures near 1 Mbar are much lower than 
those observed for the related trivalent s,p,d-electron metals Sc, Y, La, and Lu where Tc lies in the 
range 10 - 20 K [4]. Why is this? Perhaps Eu is not completely trivalent, but rather mixed-valent. Or it 
may be that the Van Vleck paramagnetism acts to suppress the value of Tc in Eu at these pressures.  

To explore whether the appearance of superconductivity in Eu above 1.5 K at 84 GPa might be 
prompted by a structural phase transition, changes in crystal structure under pressure should be 
studied, preferably at low temperatures. Previous x-ray diffraction studies to 30 GPa at room 
temperature reveal a bcc to hcp transition in Eu near 12.5 GPa with a close-packed EuIII phase 
appearing above 18 GPa [12]. Room temperature synchrotron x-ray measurements at the HPCAT 
beamline (Advanced Photon Source, Argonne National Labs) were carried out to 92 GPa. The results 
of the first run for increasing pressure are shown in figure 3 where the d-spacing is plotted versus 
pressure for all Eu diffraction peaks which could be identified. The bcc-to-hcp transition at 12 GPa 
and the hcp-to-EuIII transition at 18 GPa are clearly seen. In addition, for pressures above 38 GPa a 
new EuIV phase is seen to appear. Not shown are data which reveal a EuIV-to-EuV transition at even 
higher pressures (60 GPa). The phases appearing above 18 GPa are currently under analysis, but 
appear to be neither bcc nor hcp, likely having orthorhombic or monoclinic symmetry. The full results 
of the extensive x-ray diffraction studies on Eu at ambient temperature will be reported elsewhere. 
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Figure 2.  Real part of 
the ac susceptibility ver-
sus temperature for Eu 
metal as pressure is in-
creased from 76 to 142 
GPa. The superconduc-
ting transition appears at 
84 GPa and shifts slowly 
under pressure to higher 
temperatures. Tc is deter-
mined from the temper-
ature at the transition 
midpoint. The inset 
shows raw susceptibility 
data at 118 GPa. Figure 
from Ref. [3]. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  d-spacings for 
Eu versus pressure reveal-
ing three phase transitions 
to 43 GPa. 
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