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VIEWPOINT

A Prediction for “Hot”

Superconductivity

A proposed hydrogen-rich solid would superconduct above the boiling point of
water—though the material would need to be subjected to a colossal pressure.

by José A. Flores-Livas* and Ryotaro Aritat

ince the 1911 discovery of superconductivity in mer-

cury, the phenomenon has been observed in more

than 30,000 elements, alloys, and compounds. And

yet the number of devices hosting superconductors is
still limited. The main reason is that these materials transi-
tion to the superconducting state at temperatures well below
room temperature. The tide may be changing, however,
with the recent discoveries of high transition temperatures
(T.’s) in hydrogen-rich materials called hydrides. Now, Yan-
ming Ma at Jilin University, China, and collaborators predict
that the hydride compound, Li,MgH,, should have a T; of
around 473 K— 200 °C—but only when the material is sub-
jected to a pressure of 250 GPa [1]. This level of pressure is
on par with that of Earth’s core, so their idea would be dif-

Figure 1: Ma and colleagues predict that, under a pressure of 250
GPa, the compound Li;MgH, ; will superconduct with a transition
temperature of around 200 °C. According to their calculations, the
lithium atoms (green) help prevent the hydrogen atoms (small red
spheres) from forming Hy, which would block superconductivity.
(Y. Sun et al. [1])
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ficult to test in the lab. But the result is exciting because it
is the highest T; predicted for any material, and it unveils a
potentially new pathway to achieving superconductivity at
room temperature.

Condensed-matter physicists have devoted enormous
theoretical, computational, and experimental efforts to find-
ing a room-temperature superconductor. The work has led
to the discoveries of many types of high-T, materials, in-
cluding the copper- and iron-based family of compounds,
fullerides, and magnesium diboride. In all of these cases, the
materials were discovered in the lab before theorists tried to
understand them.

Hydrides have been a game changer in this trend, with
theory jump starting experiment. These compounds com-
prise hydrogen and one or more elements that easily give
up electrons. Interest in these materials as a route to high
T; began with a 1971 paper by John Gilman and was resus-
citated by Neil Ashcroft in 2004 [2]. The attractive feature
of hydrides is their closeness to metallic hydrogen, which
has two key ingredients for superconductivity: high phonon
frequencies and strong electron-phonon coupling. When
compressed, a hydride is similar to metallic hydrogen, thus
opening the door to superconductivity. Usually the re-
quired pressures for metallization are extremely high, but
researchers have found ways to lower this pressure below
the predicted metallization threshold for solid hydrogen.
One mechanism is to introduce impurities that modulate the
hydride’s structural and electrical properties. Another way
is through chemical “precompression,” where chemical ele-
ments are added into the hydrogen lattice.

Initially, predicting which hydrides would have a crys-
tal structure favoring superconductivity proved challenging.
But in 2014, Ma and colleagues showed that the hydride H,S
would stay structurally intact up to high pressure, where
high-T, superconductivity was expected [3]. This simula-
tion led to the experimental discovery of superconductivity
at 203 K in the related compound H3S under a pressure of
150 GPa [4, 5].

A further step came in 2017, when Ma and collaborators
and Russell Hemley and his collaborators predicted a new
hydride, LaH;o, which was expected to have T, higher than
that of H3S [6]. In contrast with H3S, LaHjy has a higher

physics.aps.org

© 2019 American Physical Society

26 August 2019 Physics 12, 96


https://supercon.nims.go.jp/index_en.html
http://physics.aps.org/

PhysiCs

concentration of hydrogen atoms, which form a cage-like
structure that holds the lanthanum ions. This “host-guest”
structure is thought to favor superconductivity. Moreover,
its hydrogen content is much higher than in H3S and closer
to that of solid hydrogen. Motivated by the prediction,
Hemley’s group and an independent team led by Mikhail
Eremets studied the material at pressures of 120 to 185 GPa.
Both found evidence that LaH; is a superconductor with
a T, between 250 and 260 K—about 40 K below room tem-
perature [7]. These are the highest recorded T.’s of any
superconductor, and the discoveries have been a major step
towards room-temperature superconductivity.

So far, most of the hydride predictions have focused on
two-element (binary) compounds [5]. The new paper by
Ma and co-workers moves into the mostly uncharted ter-
ritory of three-element (ternary) hydrides [1]. Vastly more
compounds are possible by expanding to ternaries. But
predictions also become harder because there are more struc-
tural configurations to consider for three elements versus
two. Also, the number of ways that a candidate structure
can decompose is much greater. For this reason, relatively
little is known about the phase stability and configurational
energy landscape of ternaries.

Ma’s group got around some of these difficulties by fo-
cusing on the ternary hydride Li,MgH,, (Fig. 1). This
compound can be thought of as the binary hydride, MgH,
doped with Li, an electron donor. On its own, MgH,,
would tend to break up into Hy molecules under high pres-
sure, preventing superconductivity. But, based on density-
functional-theory (DFT) calculations, the authors claim that
the Hy molecules tend to break up with the addition of the
extra electrons from Li doping. Preventing H; helps to sta-
bilize a hydrogen host structure favoring superconductivity
like that in LaH;g. Other groups have considered the bene-
fits of donating electrons to hydrides, and if this approach
proves successful, it could contribute to the discovery of
high-T, superconductors using ternary and, potentially, qua-
ternary hydrides.

Going forward, theorists need to figure out how to re-
tain high-temperature superconductivity at lower pressures
and, better yet, ambient pressure. To meet this challenge,
the predictive power of computational tools will need to be
made more robust and accurate, particularly when applied
to physical properties under extreme conditions. The cur-
rent gold standard in reliability is ab initio DFT calculations,
which have been a guide for many promising directions to
synthesize new superconductors [5].

But standard DFT calculations can be limited in their
predictive power. In the case of LaHj, for example, conven-
tional DFT calculations predict a much higher pressure (250
GPa) for the stable superconducting structure than what is
observed experimentally (150 GPa.) The discrepancy may
exist because DFT makes the Born-Oppenheimer approxi-
mation—describing a material’s electrons independently of

its lattice ions—and it treats the ions as motionless. A re-
cent study, however, suggests the calculations may need to
account for the sizable zero-point motion of the hydrogen
atoms in LaHjg. Such quantum effects can stabilize a “quan-
tum crystal” phase that favors superconductivity [8].

Hydride research is producing many exciting results. Of
particular note is the recent observation that the hydride
YHg superconducts with a T, of 224 K at 166 GPa [9]—a
much lower pressure than expected from theory [6]. As more
and more tantalizing candidates are identified, researchers
should demand calculations that go beyond the standard ap-
proximations in order to have reliable predictions. After all,
a new superconductor forecast is only valuable if the mate-
rial can be synthesized in the lab.

This research is published in Physical Review Letters.
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