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Structure and superconductivity of LiFeAst
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Lithium iron arsenide phases with compositions close to LiFeAs
exhibit superconductivity at temperatures at least as high as
16 K, demonstrating that superconducting [FeAs|  anionic
layers with the anti-PbO structure type occur in at least three
different structure types and with a wide range of As—Fe—As
bond angles.

High temperature superconductivity has recently been reported
in several compounds containing FeAs anti-PbO-type (i.e.
antifluorite-type) layers. LaOFeAs with the ZrSiCuAs struc-
ture type was found to superconduct when doped with elec-
trons through the substitution of about 10-20% of the oxide
ions by fluoride.! This resulted in superconductivity below
about 26 K, a critical temperature, 7., only exceeded by
layered cuprate superconductors, some fullerides and MgB,.
Enhancement of 7 to 43 K was achieved in this system at high
pressure.2 Substitution of lanthanum in LaO;_.F FeAs by
heavier and smaller lanthanides® results in higher T¢s, and it
has been shown that electron doping by the introduction of
oxygen deficiency leads to T.s of up to 55 K in SmO,;_,FeAs.®
The high T.s and critical fields exhibited by these super-
conductors and their proximity to magnetically ordered
phases’ suggest that they are unconventional superconductors
whose properties cannot be described within the framework of
existing models of superconductivity such as the BCS theory.

BaFe,As, with the common ThCr,Si, structure type was
found to exhibit similar magnetic and structural behaviour to
LaOFeAs.® The two compounds are formally isoelectronic as
far as their FeAs layers are concerned. Reducing the electron
count of BaFe;As; to form Ba,_ K Fe,As, produced super-
conductivity below 38 K° and similar doping of SrFe,As, also
produces superconductivity below 38 K.'° Superconductivity
has been induced at high pressure in stoichiometric AFe,As;
(A = Ca, Sr, Ba).11 Here we use a combination of neutron
powder diffraction (NPD) and synchrotron X-ray powder
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diffraction to describe the crystal structure of a new super-
conductor LiFeAs which represents a third structure type in
which superconducting anti-PbO-type FeAs layers occur. We
note that this work is complementary to a recent report of a
parallel investigation of this compound.'?

Investigations by Juza and Langer' indicated that the
composition LiFeAs could not be obtained but that both
Fe-rich and Li-rich compositions could be prepared; for
metal : arsenic ratios of 2.1 : 1 single phase compositions were
reported between the limits Li; ;FeAs and LiggsFe; 14As. We
initially synthesisedi a sample (sample 1) with composition
‘LiFeAs’ by the reaction at 800 °C between stoichiometric
quantities of elemental lithium and FeAs (previously prepared
from the elements) in a tantalum tube sealed by welding under
1 atm of argon gas. According to powder X-ray diffraction
(PXRD) measurements, this black sample was composed of a
highly air-sensitive ternary Li,FeAs phase (89.5(5) mol%)
with lattice parameters a = 3.775(1) Aand ¢ = 6.358(2) A,
and 10.5(5) mol% FeAs. Magnetometry measurementsi
showed a sharp superconducting transition with 7., = 16 K
(Fig. 1) and the shielding volume fraction was estimated to be
close to 100%. Subsequently we attempted the synthesis of 3 g
of material of composition Li; ;FeAs using a method similar
to that described by Juza and Langer!® in which LisAs, Fe and
FeAs were ground together in the appropriate stoichiometric
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Fig. 1 Magnetic susceptibilities of samples 1 (black symbols) and 2
(green symbols) measured in applied fields of 50 Oe after cooling in
zero applied field (ZFC; closed symbols) and after cooling in the
measuring field (open symbols).
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ratio, pressed into a pellet and heated at 800 °C for 48 h in an
alumina crucible sealed inside an evacuated silica ampoule.
Some attack of the silica tube, presumably by Li, was evident,
but the black product (sample 2) appeared single phase
according to PXRD measurements with lattice parameters
a = 3.774(1) Aand ¢ = 6.354(2) A, similar, within experi-
mental incertainty, to those of sample 1. Sample 2 exhibited
superconductivity below about 10 K, although the shielding
volume fraction was much smaller than that of sample 1 and
the superconducting transition was less sharp (Fig. 1). We note
that both of our samples have lattice parameters equal within
experimental uncertainty to those derived from the X-ray
powder diffraction pattern in ref. 12 (@ = 3.7743(4); ¢ =
6.3551(7) A using the reported d-spacings). In order to accu-
rately describe the structure sample 2 was measured at 298 K
and at 6.5 K on the high resolution time of flight powder
neutron diffractometer HRPD at the ISIS facility, UK and on
the high resolution powder diffractometer ID31 at the ESRF,
France (Fig. 2).1 Analysis of the NPD data showed unequi-
vocally that the structure was similar to that proposed by Juza
and Langer'? and is composed of an approximately cubic close
packed array of As with Fe in half the tetrahedral interstices
and Li displaced from the centres of all the octahedral inter-
stices so as to obtain square pyramidal coordination by As. In
contrast, in LiMnAs'* Fe and Li occupy alternate layers of
tetrahedral sites in an approximately cubic close packed array
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Fig. 2 Results of Rietveld refinement at room temperature against
HRPD data (upper: 90 degree bank and 168 degree bank inset) and
ID31 data (lower). The data (red points), fit (green line) and difference
(lower purple line) are shown. Tick marks indicate reflections for
LiFeAs (lowest), FeAs (1.5 mol%; middle) and the vanadium
container (uppermost, HRPD data only).
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Fig. 3 Comparison of the crystal structures of Fe,As, LiFeAs, and
LaOFeAs. In LiFeAs, lithium ions fully occupy one of the sites which
is occupied by Fe in Fe,As and Li is five-coordinate (square-based
pyramid) by As. The interatomic distances (A) and bond angles
(degrees) for LiFeAs are those obtained from refinement against room
temperature PND data. 99% anisotropic displacement ellipsoids are
shown.

of As, thus forming an anti-fluorite superstructure. The loca-
tion of the lithium ions in LiFeAs is similar to that of half of
the Fe ions in Fe,As (Cu,Sb type), and the structure of LiFeAs
may also be described as the anti-PbFCl type. The refined
crystal structure is compared with the crystal structures of
Fe,As and LaOFeAs in Fig. 3. Refinement of the structure at
6.5 K on HRPD indicated no discernable structural distortion,
in contrast to the behaviour of non-superconducting
LaOFeAs and AFe;As, (A = Sr, Ba). Nor was any magnetic
Bragg scattering evident. According to both the ID31 and
HRPD refinements sample 2 contained 1.5 mol% of FeAs
impurity.

The refinements at room temperature and 6.5 K against
PND data both suggested deficiencies of 4-5% on the Li site
and 2-3% on the As site. However, the refinement against the
ID31 data, which were of higher signal to noise ratio even at
d-spacings of 0.6 A and below, suggested that both sites were
fully occupied. A joint refinement with the NPD and Synchro-
tron PXRD data sets equally weighted yielded a refined
composition of Lig gg74)FeAsg 95y where the uncertainties
in the fractional occupancies indicate the statistical precision
inherent in the refinement,'> and may underestimate the true
uncertainty by up to an order of magnitude. Because of the
difference in neutron scattering lengths of Fe (9.54 fm) and Li
(—1.90 fm) the apparent 4% deficiency on the Li site suggested
from the PND refinements could result from accommodating
0.7% Fe atoms and 99.3% Li atoms on that site, which is
chemically plausible given the similar crystal structures of
LiFeAs and Fe,As. The low X-ray scattering amplitude of
Li means that even the complementary use of X-rays and
neutrons cannot exclude Li/Fe disorder at about the 1% level
on the Li site. Juza and Langer'? suggested that an additional
site (3/4,1/4,1/2) carried scattering density corresponding to
10% occupancy by Li. The measurements on HRPD and ID31
both showed that there was much less scattering on this site
than their analysis suggested (refined site occupancy factor
by Li of 0.011(2) in the joint refinement), and this is
consistent with the single crystal X-ray analysis in ref. 12.
Chemical analysisf on sample 2 produced a composition
Lio.s3¢7)Fe1.03)As0.043), consistent with the refinement results
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allowing for the large uncertainty in the determination of the
Li content. We conclude from the refinement against powder
neutron and synchrotron X-ray data that the main phase in
sample 2 is very close to stoichiometric LiFeAs. Analysis of
the less pure sample 1 using NPD data from the POLARIS
diffractometer at ISIS revealed a structure and composition
that was similar within the experimental uncertainty to that
for sample 2 determined on HRPD (see ESI}). The experi-
mental uncertainty in our measurements cannot rule out
differences in Li content of up to about 5%.

The originally published structure of LiFeAs'? is approxi-
mate because of the almost negligible X-ray scattering ampli-
tude of lithium. Our analysis using PND data enables accurate
location of the lithium ions, which are in sites surrounded by a
square pyramid of As atoms (Li—As distances are 2.647(1) A
(x1) and 2.7592(3) A (x4) at 295 K as shown in Fig. 3).
Relative to the Fe atoms, the Li atoms in LiFeAs are in a
similar location to the La atoms in LaOFeAs. The structure
contains FeAs anti-PbO type layers in common with other
recently reported superconductors.'!" Our refinement of the
structure of sample 2 against PND and synchrotron PXRD
data produced an Fe—As distance of 2.4162(1) A (x4)at295K
which is similar to the distances of 2.407(2) A in LaOFeAs’
and 2.388(3) A in SrFe,As,.'® However the edge-sharing
FeAs, tetrahedra in LiFeAs are compressed in the basal plane
relative to the tetrahedra in LaOFeAs and SrFe,As,: while the
As—Fe—-As angles in LaOFeAs’ are 113.7° (x2) and 107.41°
(x4) (i.e. compressed perpendicular to the basal plane), and
the FeAs, tetrahedra in SrFe,As,'¢ are almost regular (angles
of 110.5° (x2) and 108.9° (x4)), the corresponding angles in
LiFeAs are 102.793(6)° (x2) and 112.910(3)° (x4) (Fig. 3).
Indeed LiFeAs has the smallest basal lattice parameter of all
the superconducting iron arsenide phases so far reported and
the occurrence of superconductivity in compounds containing
such layers does not seem highly sensitive to the As—Fe—As
bond angles, although the coordination environment is
expected to influence the value of 7.. Experiments and com-
putational investigations'” probing these compounds will shed
light on their behaviour.

Our results suggests that other compounds containing FeAs
anti-PbO-type layers with Fe in a formal oxidation state close
to +2 should be synthesised and their electronic and magnetic
properties investigated. Further detailed structural analysis of
other phases described by Juza and Langer!'? in the Li-Fe-As
system is required to correlate composition and structure
with T, are in progress. The complementary work of Tapp
et al.'? describing single crystal X-ray diffraction measure-
ments on stoichiometric LiFeAs with a T, of 18 K support
our conclusions regarding the crystal structure. The super-
conducting samples of LiFeAs described so far have cell
volumes which are very similar even for the range of reported
values of T, between about 10 K and 18 K. The differences in
T, could be due to very small compositional differences'>!?
(e.g. <5% differences in Li content) and this is under
investigation.

We thank the UK EPSRC for support under grant
EP/E025447 and the ISIS facility and the ESRF for the
provision of beam time.

Notes and references

1 Materials: Li rods (Aldrich 99.9%); Fe powder (ALFA, 99.998%),
As pieces (ALFA, 99.9999%). FeAs was synthesised by the reaction at
500 °C for four days between ground Fe and As powders in an
alumina crucible sealed under vacuum in a silica tube (note that
heating to 500 °C was carried out slowly at 0.5 °C min~' to ensure
that the As reacted without generating a high vapour pressure). LisAs
was synthesised from Li pieces and As powder in a tantalum ampoule
at 500 °C with annealing at 800 °C). Laboratory PXRD data were
collected using a PANalytical X’Pert PRO diffractometer operating
with CuKo,; radiation in Bragg—Brentano geometry with samples
sealed inside air-tight cells. Synchrotron X-ray diffraction data were
collected in three hours on about 10 mg of sample 2 sealed inside a
0.7 mm diameter glass capillary tube using the ID31 diffractometer,
ESRF, France: 0° < 20 < 55°, 4 = 0.40293(3) A. Time-of-flight NPD
data were collected on 3 g of sample 2 and 1.6 g of sample 1 sealed in
6 mm diameter vanadium cylinders using respectively HRPD (30°, 90°
and 168° 20 detectors: 0.3 < d < 7 A) and POLARIS (357, 90° and
145° 20 detectors: 0.3 < d < 8 A) at ISIS, UK: Rietveld analysis was
performed using GSAS."> Chemical analysis was performed by ICP
Atomic Emission Spectroscopy (ITS Testing Services, UK). Magnetic
susceptibility (Quantum Design MPMS-XL SQUID magnetometer)
measurements were made in a DC field of 50 Oe in the temperature
range 2-300 K after cooling in zero applied field and in the measuring
field.

Crystal data: LiFeAs (sample 2): joint PND and synchrotron X-ray
refinement: T = 295 K, tetragonal, space group P4/nmm (no. 129),
a = 3.776360(4) A, ¢ = 6.35679(1) A, V = 90.6536(2) A>, c/a = 1.683,
Z = 2; Li (0.25 0.25 0.6536(2); occupancy 0.997(4)), Fe (0.75 0.25 0),
As (0.25 0.25 0.23715(3); occupancy 0.995(1)); wR,, = 0.0521, * = 10.1.
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