segrch
&Ndiscovery

On 23 February, a two-page paper by
Hideo Hosono of the Tokyo Institute of
Technology and his coworkers ap-
peared on the website of the Journal of
the American Chemical Society. The TIT
team reported that fluorine-doped lan-
thanum oxide iron arsenide supercon-
ducts at 26 K.!

The value of T, is not especially high.
But to the few physicists who noticed
the paper, the new superconductor
looked alluring. Like the high-T.
cuprates, LaO, _ F FeAs is a layered
tetragonal compound containing a rare
earth and oxygen. Unlike the cuprates,
the new superconductor’s parent is a
semimetal and its magnetic susceptibil-
ity is far higher.

Here, it seemed, was a material in
which magnetic fluctuations, not
phonons, mediate the electron pairing
that underlies superconductivity. If that
first impression proved true, Hosono
and his team had discovered a new
family of unconventional and possibly
high-T, superconductors.

Within weeks, physicists who’d read
the JACS paper or who'd heard about it
from chemists had started making sam-
ples, measuring properties, and posting
papers on arXiv.? The first band-
structure calculations showed that
the superconducting phase is two-
dimensional, as in the cuprates, and oc-
cupies the FeAs planes. Band-structure
calculations also confirmed that the
LaOFeAs lattice can’t provide the
phonons needed to bind electron pairs
at 1K, let alone at 26 K.

By 31 March, little more than a
month after the discovery, the new fam-
ily’s T, had leapt ahead of magnesium
diboride’s 39 K. The F-doped
praseodymium compound holds the
record at 52 K. Only the cuprates,
whose current champion supercon-
ducts at 138 K, have higher T values.

Parental provenance

The new superconductors’ parent com-
pounds are not found in any terrestrial
rocks or minerals. The story of their

New family of quaternary
iron-based compounds
superconducts at tens of kelvin

Similarities with the cuprates presage higher transition temperatures.
Differences provide a fresh perspective on electron-mediated pairing.

Figure 1. The parent
compound of the new
superconductor consists
of alternating layers of
lanthanum oxide and
iron arsenide. Replac-
ing oxygen with fluorine
aégds extra electrons,
which, having nowhere
else to go, end up in
the superconducting
FeAs E:E/er. (Adapted

from ret. 1.)
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synthesis begins in the mid-1970s at
Dupont’s central research department
in Wilmington, Delaware. There, solid-
state chemists Wolfgang Jeitschko and
Vandliff Johnson were looking for novel
compounds with interesting and useful
electrical properties.

Among the compounds they syn-
thesized was a family that Jeitschko
called 1:1:1:1 after its stoichiometry
or ZrCuSiAs after its archetype.?
ZrCuSiAs lies on the brink of metallic-
ity; it did not prove profitable. Jeitschko
continued his quest for new materials at
the University of Miinster in Germany.

One line of research involved syn-
thesizing ternary compounds from a
rare earth, a transition metal, and a
pnictogen (phosphorus, arsenic, or an-
timony). At first, Jeitschko’s group
mixed the three ingredients in a flux of
molten tin. Tin, it turned out, readily
picks up ambient oxygen as an impu-
rity. In the course of investigating im-
purity dependence, Jeitschko found
that with enough oxygen one makes not
the ternary compound he expected,
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LaFe,As,,, but the quaternary com-
pound, LaOFeAs. The accidentally dis-
covered compound shares the same
crystal structure as ZrCuSiAs; it’s also a
semimetal.

Jeitschko and his collaborators made
50 or so different compounds in the
LaOFeAs family.* Although he’d previ-
ously discovered one class of supercon-
ductors—LaRu,P, and its relatives—he
didn’t pursue the phenomenon in
doped LaOFeAs.

Hosono wasn't looking for supercon-
ductivity in LaOFeAs either. In the late
1990s, he and his coworkers were devel-
oping new transparent semiconductors.
They focused on LaOCuCh, where Ch
represents a chalcogen (sulfur, selenium,
or tellurium). The search succeeded.
LaOCuS is indeed a promising transpar-
ent p-type semiconductor.

Then in 2005, in the hope of finding
novel electromagnetic properties,
Hosono tried further substitutions. Re-
placing Cu with Fe or another open d-
shell transition metal could provide the
hoped-for magnetic behavior. But the
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substitution of divalent Fe for mono-
valent Cu would also change the layer’s
net valence and destabilize the struc-
ture. Stability can be preserved by re-
placing a divalent chalcogen with a
trivalent pnictogen.

Avyear later the TIT team had synthe-
sized LaOFeP, measured its electrical
properties, and discovered that the semi-
metal superconducts at4 K. Doping with
fluorine, which adds electrons, raised T
to 7 K.*> Replacing P with As and doping
with 10% F boosted T. to 26 K. Figure 1
shows the structure of LaOFeAs; fig-
ure 2 shows the resistivity as a function
of temperature and doping.

Higher T,

Among the physicists who'd noticed
Hosono’s LaOFeP paper was Genfu
Chen. Last October, Chen joined Nan-
lin Wang’s group at the Institute of
Physics (IOP) in Beijing. Rather than
work on LaOFeP, Chen and Wang chose
to focus on LaOFeAs. By December
Chen was making single crystals of the
undoped compound.

As soon as Chen and Wang heard
that F-doped LaOFeAs superconducts
at 26 K, they switched to making doped
samples. Within a week they’d repro-
duced Hosono’s results. Within a
month they’d replaced La with cerium
and boosted T, to 41 K.

Xianhui Chen of the University of
Science and Technology of China in
Hefei began making LaOFeAs soon
after he’d read Hosono’s LaOFeAs
paper online. He replaced La with
samarium and raised T, to 43 K. As of
1 April, the highest T, 52 K, belongs to
the neodymium and praseodymium
members of the LaOFeAs family. They
were synthesized by another IOP
group, that of Zhongxian Zhao.

All the samples made so far have con-
sisted of micron-sized polycrystals sin-
tered together in pellets. Producing pure
single crystals could raise T. even fur-
ther. It would also widen the range of ex-
perimental techniques that could tackle
how and why F-doped LaOFeAs super-
conducts. But even at this early stage, a
fuzzy but consistent picture is forming,.

Experimental evidence and theoret-
ical argument both support a strong,
possibly essential, role for magnetic
fluctuations. In their calculations, Igor
Mazin of the Naval Research Labora-
tory in Washington DC and his collab-
orators found three different kinds of
magnetic fluctuation: local antiferro-
magnetism, a spin density wave, and
wealk, itinerant ferromagnetism.

Cuprates exhibit local antiferromag-
netic fluctuations, but not the other two
kinds of fluctuation, which are nonlocal
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Figure 2. Resistivity curves
ofg fluorine-doped lanthanum
oxide iron arsenide

(LaO©, _F FeAs) show

Vo superconducting fransitions
at a range of temperatures,
the highest being 26 K for
a doping fraction of 0.11.
At around 5 x 103 Q cm,
the high room-temperature
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and arise from the behavior of electrons
on the Fermi surface. In that sense, the
new superconductors appear to be
quite distinct.

IOP’s Zhong Fang and his collabora-
tors also predicted a spin density wave.
Like Mazin, they invoked it to explain
an anomaly at 145 K that Hosono had
found in the resistivity of undoped
LaOFeAs. Doping makes the anomaly
disappear, as if the fluctuations respon-
sible at lower temperatures for the su-
perconductivity prevent a spin density
wave from forming.

Pengcheng Dai’s group at the Uni-
versity of Tennessee and, indepen-
dently, David Mandrus’s group at Oak
Ridge National Laboratory in Ten-
nessee used neutron scattering to fol-
low the temperature and doping de-
pendence of the resistivity, magnetic
susceptibility, and other properties. The
two groups confirmed the presence of
spin density waves. By doing x-ray dif-
fraction too, Mandrus could conclu-
sively rule out a phenomenon impli-
cated in cuprate superconductivity, a
charge density wave: No telltale lattice
distortion appeared.

A crucial question in superconduc-
tivity is the orbital symmetry of the
Cooper pairs. To predict it, theorists typ-
ically identify the fluctuations most
likely to promote pairing and then look
for a pairing symmetry that is consistent
with both the nature of the fluctuations
and the shape of the Fermi surface.

The approach isn't fully predictive.
Different assumptions lead to different
symmetries. Remarkably, the symme-
tries proposed so far have never been
seen before in the lab. Kazuhiko Kuroki
of the University of Electrocommunica-
tions in Toyko, Mazin, and their re-
spective collaborators favor an s-wave
variant called s+. Kuroki also proposed
a fully gapped d-wave.

In those symmetries, antiferromag-
netic fluctuations akin to the spin den-
sity wave provide the paring glue. If
ferromagnetic fluctuations predomi-
nate, IOP’s Fang, Stanford University’s

resistivity is characteristic
of a semimetal. (Adapted
from ref. 1))

Shoucheng Zhang, and their collabora-
tors argue that up and down spins are
paired in conjugate p-waves. Spin-
triplet pairing, but in an s-wave, also
arises in a proposal by IOP’s Xi Dai and
Hong Kong University’s Fuchun Zhang
and their collaborators.

As theorists reveal differences be-
tween the new superconductors and
the cuprates, experimenters have been
finding similarities. Haihu Wen'’s group
at IOP found superconductivity at 25 K
when he replaced trivalent La with di-
valent strontium, suggesting that, as in
the cuprates, hole-doped samples also
superconduct.

On 4 April, the Chinese physicists
who are working on the new supercon-
ductors held a workshop at the Univer-
sity of Nanjing. Among the findings
they discussed were a possible pseudo-
gap at 120 K and hints of nodes in the
superconducting gap. Both are features
reminiscent of the cuprates.

If those results hold up, the
LaOFeAs family could be closer to the
cuprates than to other superconduc-
tors. Although that outcome might
seem less exciting than a wholly new
form of superconductivity, it would
provide a different system in which to
explore the still-elusive phenomenon of
high-T, superconductivity.

Last year it looked as though high-T.
superconductivity takes place only in
CuO, planes. Now that LaOFeAs has
broken the cuprates’” monopoly, what
other superconductors wait to be dis-
covered?

Charles Day

References

1. Y. Kamihara, T. Watanabe, M. Hirano,
H. Hosono, J. Am. Chem. Soc. 130, 3296
(2008).

2. Links to the research mentioned in this
story can be found in the online version.

3. V. Johnson, W. Jeitschko, J. Solid State
Chem. 11, 161 (1974).

4. P. Quebe, L. J. Terbiichte, W. Jeitschko,
J. Alloys Compd. 302, 70 (2000).

5. Y. Kamihara et al., ]. Am. Chem. Soc. 128,
10012 (2006).

www.physicstoday.org



