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Superconductivity without Nesting in LiFeAs
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We have studied the electronic structure of the nonmagnetic LiFeAs (7, ~ 18 K) superconductor using
angle-resolved photoemission spectroscopy. We find a notable absence of the Fermi surface nesting,
strong renormalization of the conduction bands by a factor of 3, high density of states at the Fermi level
caused by a van Hove singularity, and no evidence for either a static or a fluctuating order except
superconductivity with in-plane isotropic energy gaps. Our observations suggest that these electronic
properties capture the majority of ingredients necessary for the superconductivity in iron pnictides.
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The synthesis of another iron superconductor has imme-
diately attracted much attention already for several reasons
[1-3]. LiFeAs is one of the few superconductors which
does not require additional charge carriers and is charac-
terized by T, approaching the boiling point of hydrogen.
Similar to AeFe,As, (122) and LnOFeAs (1111) parent
compounds, LiFeAs consists of nearly identical
(Fe,As,)?~ structural units and all three are isoelectronic,
though the former do not superconduct. The band structure
calculations unanimously yield the same shapes of the
Fermi surfaces (FS), very similar densities of states, and
low energy electronic dispersions ([4,5], and the supple-
mentary material [6]) and even find in LiFeAs an energeti-
cally favorable magnetic solution which exactly
corresponds to the famous stripelike antiferromagnetic
order in 122 and 1111 systems [5,7,8]. The experiments,
however, show a rather different picture. The structural
transition peculiar to 122 and 1111 families is remarkably
absent in LiFeAs and is not observed under applied pres-
sure of up to 20 GPa [9,10]. Resistivity and susceptibility
as well as u-spin rotation experiments show no evidence
for the magnetic transition [11,12]. Only a weak magnetic
background [12] and field induced magnetism in the doped
compound have been detected [11]. It is therefore not clear
why the isoelectronic and nearly isostructural FeAs blocks
induce fundamentally different physical properties of the
material. In this Letter we suggest that this occurs due to
the important distinctions in the electronic structure and
single out those which seem to be indispensable for the
superconductivity.

The knowledge gained from angle-resolved photoemis-
sion (ARPES) experiments on Fe pnictides has often been
questioned because of the possible influence of the polar
surface inevitably exposed by the cleavage of 122 and 1111
single crystals. LiFeAs offers a unique opportunity to
overcome this difficulty since the cleavage occurs between
the two layers of Li atoms resulting in equivalent and
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neutral counterparts. Further details on the ARPES experi-
ment, crystal growth, and band structure calculations are
given [6].

In Fig. 1(a) we show the Fermi surface map of LiFeAs
which is the momentum distribution of the photoemission
intensity integrated within the narrow energy interval
around the Fermi level. Three clear features are visible
on the map: a high-intensity butterflylike shape at the
I' point, a well-defined barrel-like FS also centered at I,
and a double-walled structure with somewhat obscure
contours around the M point. Momentum-energy cuts
along the selected directions passing near M and I' points
and marked in panel (a) by white dashed lines are pre-
sented in Figs. 1(b) and 1(c). While both dispersive fea-
tures in Fig. 1(b) as well as the leftmost one in Fig. 1(c)
clearly cross the Fermi level thus supporting a double-
walled electronlike FS around M and large holelike FS
around I, respectively, the other two features from
Fig. 1(c) only come close to the Fermi level without clear
crossing, at least for the given cut through the momentum
space. We have found that for certain excitation energies
these features do cross the Fermi level resulting in very
small holelike FSs, thus completing the analogy with the
FS topolgy of 122 and 1111 systems: there are in total five
FSs supported by five bands. The sketch in Fig. 1(a)
schematically shows all FS features centered in one point
to facilitate the comparison of their sizes. The striking
peculiarity of this FS shape is the absolute absence of the
(7, ) nesting peculiar to other pnictides.

According to the existent band structure calculations,
including our own study (see [6]), the FS of LiFeAs also
consists of three holelike FSs around the I" point and two
electronlike ones at the corner of the Brillouin zone. In
Fig. 2 we compare our experimental data with the calcu-
lations. Three FS maps shown in Figs. 2(a)-2(c) are re-
corded at different photon energies which correspond to
different k, values and thus should reflect the variations of
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FIG. 1 (color online). Fermi surface shape and topology.
(a) Momentum distribution map of the photoemission intensity
integrated within 5 meV around the Fermi level. Solid black lines
represent I'—centered Fermi contours, dashed lines—most pro-
nounced M-centered Fermi contours. (b),(c) Momentum-energy
cuts along the vertical directions marked by the white dashed
lines in panel (a).

the FS with k.. Indeed, being well defined and having the
same size in all maps, the largest I barrel is nearly ideally
two-dimensional in close agreement with the calculations.
At the same time the degree of three dimensionality of the
two small I'- centered FSs seems to be less pronounced in
the experiment. The distribution of the spectral weight
around the M point is photon energy dependent and takes
the shape of either crossed ellipses or rounded squares or
displays the signatures of both [see also Fig. 1(a)], more or
less exactly following the theoretical predictions.

To understand in more detail the butterflylike intensity
spot at I', which universally appears in all maps and looks
different only in replicated I" points at nonzero momentum,
we performed the polarization dependent measurements.
The strong influence of the matrix elements on the photo-
emission intensity seen in Fig. 2(d) is expected and fully
explainable in terms of symmetry composition of the states
forming two small FSs at I" point. According to calcula-
tions [6] these states are formed by d,, (d,,) orbitals and
are therefore enhanced (suppressed) when probed in (o)
polarization geometries [13]. Note that the behavior of the
outer I" barrel is also easy to understand, as it is formed by
the states having d,2_,» symmetry and thus also sensitive to
such a variation of the geometry of the experiment. From
Fig. 2(d) [see also Fig. 1(c)] it also follows that the tops of
both bands practically touch the Fermi level with the top of
the larger one having an extended flat shape. This results in
an anomalous enhancement of the density of states at the
Fermi level.

Knowledge of the FS shape and topology allowed us to
estimate the number of charge carriers in the system.
Neglecting the contribution of the smallest I'-FS it turns
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FIG. 2 (color online). Comparison with the LDA calculations.
(a)—(c) Fermi surface maps taken at different excitation energies
at 7~ 1 K. (d) Momentum-energy cut through the I' point
measured with the o (left) and 7 (right) polarizations. Photon
energy is 67 eV. (e) High-symmetry momentum-energy cuts
together with the results of the band structure calculations.

out that two electronlike pockets compensate two holelike
I'-FSs and the total occupation of the corresponding four
bands roughly equals four electrons. More rigorous esti-
mates which take into account k, dispersion of the electron
pockets also give the stoichiometric solution within the
error bars. The measurements have been carried out on
three different single crystals and yielded reproducible
results, thus indicating the absence of noticeable Li content
variations (see [0]).

In Fig. 2(e) we compare directly the calculated band
structure and experimental data along the high-symmetry
directions. We made a tight-binding fit to the best defined
experimental band which supports the large I barrel and
found a remarkable qualitative agreement with the d,._,»
originated band from the local-density approximation
(LDA) calculations. The ratio of the bandwidths turned
out to be equal to 3.1 (1 eV vs 0.326 eV). We then applied
this renormalization factor to bring the experimental data
and the calculated bands to the same energy scale. Overall
agreement is very reasonable, taking into account that we
have identified all bands in the vicinity of the Fermi level
and associated them with the corresponding features in the
ARPES spectra. Note that the electronlike pocket at M
formed by another band is satisfactorily reproduced as
well. As seen from the figure and confirmed by the calcu-
lations, a selective shift of the dxz_yz band by 150 meV
perfectly reproduces the shape of the large holelike Fermi
surface and dispersion over the whole bandwidth.

This agreement together with the extremely low tem-
peratures at which we carried out our experiments clearly
speaks in favor of a nonmagnetic ground state realized in
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LiFeAs. This is supported by the fact that having explored
the large portions of the k space at different experimental
conditions, we have not found any typical spectroscopic
signatures of commensurate or incommensurate ordering
appearing in a form of replica due to Fermi surface recon-
struction or suppressed spectral weight due to gap, etc.
[14,15]. What is not captured by the LDA approach, which
predicts magnetism in LiFeAs [5,7], are the actual absence
of nesting and renormalization by the factor of ~3. The
energy gain from the opening of the gaps at or near the
Fermi level due to the FS reconstruction is obviously more
significant in a system with 3 times narrower bandwidth.
That is probably why the spin-density wave (SDW) order
does not disappear immediately upon doping in 122 and
1111 families of Fe pnictides. In LiFeAs, where the (77,
) nesting is absent, static magnetism disappears com-
pletely. Our results thus strongly imply the decisive role
of nesting in the formation of SDW.

The ultralow temperature of our measurements made it
possible to study the symmetry of the superconducting
order parameter of LiFeAs close to the ground state. We
have clearly observed the opening of the superconducting
gap in all kp points with the onset at the nominal 7, of
~18 K. A typical example is presented in Fig. 3(a) where
the crossing of the FS at point A [see Fig. 3(d)] is shown for
two temperatures, above and below the transition. Upon
entering the superconducting state, the usual BCS-like
bending back of the dispersive feature is apparently seen
in the lower panel and the experimental dispersion, deter-
mined as a set of maxima of the momentum distribution
curves, exhibits peculiar transformation from the straight
line to the “S”’-shaped curve in the immediate vicinity of
the Fermi level (not shown). This is accompanied by the
depletion of the spectral weight at the Fermi level with
concomitant shift of the leading-edge midpoint of the
kp-EDC as seen in Fig. 3(b) and in zoomed version in
Fig. 3(c). In passing, there are well-defined quasiparticle
excitations, both above and below 7. [Fig. 3(b)] as well as
characteristic “‘kinks” in the dispersion at 18, 30, and
43 meV [16]. We conclude the presentation of the experi-
mental material by plotting the kinetic energies of the
leading-edge midpoints as a function of momentum in
Fig. 3(d). The typical size of the leading-edge gap of the
holelike FSs is estimated to be ~1.5-2.5 meV, while for
the electronlike FSs we observed slightly larger values of
~2-3.5 meV implying a multiband superconductivity in
LiFeAs. In both cases, as follows from Fig. 3(d), the
anisotropy of the gap is not dramatic, although taking
into account the relatively small absolute values of the
gaps, even small variations may be of interest. More rig-
orous estimates based on accurate fitting including the
resolution contribution result in the superconducting gap
of 3.2 meV on the electronlike pockets, which is in excel-
lent agreement with the recent small-angle neutron scat-
tering data [17]. Because of peculiar polarization
dependent behavior seen in Fig. 2(d) the actual gap size
at the I' point is smaller than it is implied by the map of
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FIG. 3 (color online). Superconductivity in LiFeAs. (a) Fermi
surface crossings at the point A [see panel (d)] taken above and
below T.(~18 K). (b) Energy distribution curves from panels (a)
corresponding to the ky. (c) Energy distribution curves corre-
sponding to Fermi momenta A and B measured above (20 K) and
below (900 mK) T7.. (d) Kinetic energies of the leading-edge
midpoints of all energy distribution curves from the shown
momentum space region in the false color scale. The local
maxima of this distribution correspond to kp points also seen
in Fig. 2(c) and give a good measure of the superconducting gap.

leading-edge gaps [Fig. 3(d)] and is estimated to be of the
order of 1 meV.

Disregarding for a moment any relation to other families
of Fe pnictides and thus possible presence of the so far not
detected spin fluctuations capable of binding electrons in
pairs [18], it is crucial to understand what makes a stoi-
chiometric compound with a plane crystal structure a
multiband superconductor with a considerable critical tem-
perature and weakly in-plane anisotropic order parameter.
The presented data imply that the only remarkable property
of the electronic structure of LiFeAs which makes it so
special and intimately connects it to other superconductors
such as 2H-NbSe,, A15 compounds, MgB, and the cup-
rates is the proximity of the van Hove singularity to the
Fermi level. In Fig. 4 we suggest a very simple scenario
which emphasizes the role of nesting for density wave
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FIG. 4 (color online). van Hove singularities in Fe pnictides
and chalcogenides. Schematic illustration of the main features in
the electronic structure of the 122 and 1111 pnictides, LiFeAs,
2H-TaSe,, and 2H-NbSe,. Curves represent the band disper-
sions along the high-symmetry directions. Thick lines represent
van Hove sigularities, i.e., the flat extrema of the corresponding
bands or the saddle point.

orders and van Hove singularities for the superconductivity
in pnictides and 2H-NbSe,. In the parent compounds and
in 2H-TaSe, the presence of the nesting reconstructs the
original Fermi surface and induces the static density wave
order resulting in the absence of the superconductivity (or
its strong suppression). By doping the holes into the parent
pnictide (or substituting Ta by Nb) we destroy the nesting
and approach the bottoms of the electronlike bands (or
saddle point in 2H-NbSe,) thus bringing high density of
states to the Fermi level. As a consequence, the density
wave order is strongly suppressed and superconductivity
occurs. The same holds for the electron-doped side of the
phase diagram. Now the tops of the holelike bands show up
at the Fermi level. In this sense LiFeAs appears to be
similar to electron-doped pnictides since in this case the
top of the holelike band coincides with the Fermi level
already in the pristine compound. It is important to note
that merely the extremum of a paraboloidlike band touch-
ing the Fermi level will not result in DOS boost at the
Fermi level in a two-dimensional material. It has to be
either a saddle point or an extended flat region of the
dispersion, as is the case in the electronic structures
sketched in Fig. 4. The origin of such singularity in
LiFeAs and other pnictides remains unclear, though the
strong electron-boson coupling close to the Fermi level
[16] could play an important role in flattening of the top of
the band.

The example of LiFeAs suggests that the intriguing
presence of the density waves or their fluctuations in
many families of the superconductors may turn out to be
rather ‘“‘technical”: they neighbor the superconductivity
only because, purely from the topological considerations,
the nesting is very probable to occur when tuning the
system from one van Hove instability to another by doping
in multiband superconductors (see Fig. 4). On the other
hand, the nonperfect nesting corresponding to the fading
density wave order may result in still larger density of
states at the Fermi level thus promoting the superconduc-
tivity [19]. However, in view of our present results, the van
Hove singularity close to the Fermi level seems to be a
necessary condition for the onset of superconductivity, and
not only in the pnictides. Apart from this observation, the
studied electronic properties clearly indicate that the ma-
terial itself has a potential of reaching the level comparable
to that of BSCCO in the cuprates in terms of its represen-
tativeness of the whole family of Fe superconductors.
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