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a b s t r a c t

The LiFeAs superconductor is studied by 57Fe Mössbauer spectroscopy to detect possible changes
in the hyperfine parameters in terms of temperature upon passing the superconductivity-transition-
temperature at ∼16 K. With decreasing temperature, a rather fast growth of spectral area and isomer
shift below Tc , peaking at∼6 K was seen. This indicates an increase in the stiffness of the lattice followed
by softening.

© 2010 Elsevier Ltd. All rights reserved.
The discovery of iron-arsenide and related pnictide super-
conductors with high superconductivity-transition-temperature
(Tc) values [1] has raised renewed hopes of both obtaining an
explanation for the general mechanism behind high-Tc super-
conductivity and materializing high-Tc superconductors better
suited for various applications. The iron-arsenide superconductors
are – like their copper-oxide counterparts – geometrically semi-
two-dimensional, the main building unit and the stage for super-
conductivity being a single [FeAs] layer with a thickness of more
than one atomic layer. However, it is uncertain whether both the
iron-arsenide and copper-oxide superconductors are governed by
the same superconductivitymechanism.Despite the apparent sim-
ilarities, there aremany differences between the two classes of lay-
ered high-Tc superconductors. Most importantly, it seems that the
parent non-dopedphases of iron-arsenide superconductors are not
antiferromagnetic insulators (as is the case of the copper oxides),
but rather are described with a metallic spin-density-wave (SDW)
state. Superconductivity then arises upon suppressing the SDW
state through chemical doping or application of external pressure.

∗ Corresponding author at: Department of Physics, Åbo Akademi, FI-20500 Turku,
Finland. Tel.: +358 22154239; fax: +358 22154776.
E-mail address: jlinden@abo.fi (J. Lindén).

0038-1098/$ – see front matter© 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ssc.2010.06.010
This picture seems to be supported by experimental data for the
ROFeAs (R = rare earth element) [2–8] and AFe2As2 (A = alkaline
earth element) [9,10] systems, but not for the case of a new mem-
ber of the iron-arsenide family, i.e., the LiFeAs phase [11], forwhich
the neutron diffraction [12] and resistivity [11,13] data reported
so far show no evidence for any SDW ordering. On the other hand,
first principles calculations have predicted a magnetically ordered
ground state for LiFeAs [14,15].
Another question concerns whether the LiFeAs phase is

an intrinsic superconductor. A recent work claims that the
superconducting phase is stoichiometric [13]. However, for the
isostructural Na-based superconductor, a single-crystal study has
revealed a small cation deficiency at the alkaline-metal site, i.e.,
Na1−δFeAs (with δ > 0) [16]. Also suggested is that LiFeAs might
be ‘‘internally doped’’ through having both Li-rich and Li-deficient
regions [17].
Important issues to be addressed in the course of resolving the

aforementioned questions are (i) whether the Fe atom has a mag-
netic moment, and (ii) whether some magnetic order is involved
in the LiFeAs-type superconductors. For the LaOFeAs system, the
SDW state of the parent non-doped phase is characterized by a
magnetic moment of ∼0.4 µB per Fe atom [18], while in the su-
perconducting state Mössbauer spectroscopy data have indicated
an S = 0 state for iron [19]. However, one should recognize that
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possible magnetic fluctuations may not be visible within the typ-
ical Mössbauer effect time scale of a few tens of nanoseconds.
In fact, very recent inelastic neutron-scattering experiments for a
(Ba0.6K0.4)Fe2As2 sample indicate the presence of a magnetic sig-
nal in the superconducting state [20]. For Na1−δFeAs, the existence
of an SDW above Tc has been reported [16]. Moreover, several the-
oretical works have concluded that magnetism is closely related
to the superconductivity in pnictide superconductors [21–23]. Fur-
thermore, it has been suggested that there might be a close inter-
play betweenpossible Femagnetismandphononmodes in the iron
pnictides [24].
In this work the LiFeAs superconductor is investigated by

57Fe Mössbauer spectroscopy to look for possible changes in the
hyperfine parameters upon passing Tc while heating/cooling the
sample. A polycrystalline LiFeAs sample [11] was synthesized
from metallic Li (99.9%) and pre-prepared FeAs-precursor powder
mixed in a molar ratio of 1.2:1. The mixture was fired several
times (each for 10 h) at 800 °C in an alumina crucible encapsulated
in a silica ampoule filled with Ar gas. All the sample-handling
operations were carried out in a glove box filled with dry Ar gas.
X-ray powder diffraction (Mac Science; Cu Kα1 radiation) was used
to confirm the phase purity of the sample.
Our intention was that the excess lithium of 20 mol% would

serve two purposes: firstly to ensure that the resulting phase
would not be Li-deficient (due to the high volatility of Li metal),
and secondly to hinder the possible formation of the FeAs
impurity phase. Chemical composition analysis by ICP (inductively
coupled plasma) gave an overall stoichiometry of Li:Fe:As =
1.12:0.99:1.00 for the synthesized final product. A small excess of
metallic Li in the sample is non-visible both in the Mössbauer and
magnetization measurements and therefore less harmful than the
FeAs impurity. The Mössbauer absorber was made by grinding a
fresh sample pellet to powder in a protective atmosphere inside a
glove box and spreading ∼15 mg of the sample mixed in epoxy
resin across a circular area with a diameter of ∼13 mm on an
Al foil. In parallel to this, another ∼15 mg of the sample mixed
in epoxy resin was prepared for subsequent characterization in a
superconducting quantum interference device (SQUID, Quantum
Design: MPMSXL). The samples were kept in liquid N2 when not
being measured to prevent possible reaction with traces of water
or oxygen.
Mössbauer measurements were performed using a Ritverc

Co. source 57Co:Rh (50 mCi, Nov. 2006) at fixed temperatures
between 4.5 and 55 K in transmission geometry with a maximum
Doppler velocity of 3.0 mm/s. The sample was mounted on
the Cu cold finger of a Janis liquid-He Mössbauer cryostat. The
temperature was measured in the immediate vicinity of the
sample on the cold finger. The temperature controller adjusted the
temperature resistively and was set to close the measurement if
the temperature increased 0.2 K above the set value. The main
component of the spectra was fitted using the chemical isomer
shift relative to α-Fe (δ), the relative intensity (I), the quadrupole
coupling constant (eQVzz), and the resonance line width (0). In
addition to this, a second component was observed and fitted
using parameters corresponding to δ, I , and eQVzz . The line width
was constrained to be equal for the two components. Additionally,
one spectrum was recorded using a Doppler velocity of 12 mm/s
to confirm the absence of magnetically ordered phases at low
temperatures.
Fig. 1 displays the X-ray diffraction pattern for the as-

synthesized LiFeAs sample, confirming its high degree of phase
purity. The pattern is readily indexed for a tetragonal Cu2Sb-type
crystal structure with space group P4/nmm [11]. Fig. 2 shows
the DC-magnetic-susceptibility (χ ) data for the same sample
after being mixed in epoxy resin measured in both zero-field-
cooling (ZFC) and field-cooling (FC) modes with H = 10 Oe. The
Fig. 1. X-ray diffraction pattern for the as-synthesized LiFeAs sample; reflections
are indexed in space group P4/nmm.

Fig. 2. Magnetic susceptibility (χ ) vs. temperature for the as-synthesized LiFeAs
sample (after being mixed in epoxy resin). In the inset, the 1/χ vs. T relation is
shown.

result confirms bulk superconductivity with Tc ≈ 16 K for the
sample. Note that essentially identical X-ray diffraction patterns
and magnetic susceptibility data (not shown here) were obtained
for the sample when measured after any of the Mössbauer-data-
collection steps. The inset of Fig. 2 shows the dependence of χ−1
on temperature. The inverse susceptibility linearly dependent on
temperature indicates a Curie–Weiss-like behavior above Tc . This
paramagnetic behavior indicates that the magnetic moment of
LiFeAs is non-zero.
Typical Mössbauer spectra obtained at selected temperatures

are shown in Fig. 3. The spectra are well fitted with two
components, the main component covering ∼85% of the spectral
intensity and exhibiting a small but non-zero quadrupole splitting
of ∼0.2(1) mm/s. The presence of a quadrupole splitting for this
component is in accord with the slightly elongated (along the c-
axis direction) tetrahedral coordination polyhedron around the Fe
atoms. An Fe atom residing in a regular tetrahedron should have a
zero quadrupole splitting, which is the case, e.g., for LaOFeAs [19].
A very slight broadening in some of the low-temperature spectra
of Fig. 3 seems to be present. A possible broadening of, for example,
magnetic origin could reflect the presence of e.g. magnetic
fluctuations [25], but the resolution of the 57Fe transition limits
us from confirming this conclusively. The isomer-shift value of
∼0.46 mm/s (relative to α-Fe) obtained for the main component
is compatible with high-spin Fe3+, intermediate-spin Fe3+ and
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Fig. 3. Mössbauer spectra measured for the LiFeAs sample at indicated
temperatures. The two components used in the fitting are displayed for each data
set.

Fe2+, and low-spin Fe2+ (S = 0). However, e.g., bond-valence
considerations rule out the trivalent state [26]. In the other iron-
arsenide phases the Fe atom has been tentatively assigned to the
divalent state [27,28], although for a metallic state the concept
of valence is not well defined. The second component could be
fitted with a quadrupole coupling constant of ∼0.0 mm/s and
an isomer shift of ∼0.8 mm/s, which is compatible only with
high-spin Fe2+ (S = 2). The data clearly show that the second
component does not exhibit magnetic ordering; hence it is not
due to the unwanted magnetic FeAs phase. The small quadrupole
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Fig. 4. Isomer shift (•) and total absorption area (�) vs. temperature for the main
component as obtained by fitting the Mössbauer spectra for LiFeAs. The statistical
error is comparable to the size of the symbols.

coupling constant is consistent with a tetrahedral coordination
of Fe, suggesting that the component could have originated from
the LiFeAs lattice itself. Furthermore, the remeasurements of the
XRD patterns indicate that the LiFeAs samples are stable under the
storage and handling required for recording the Mössbauer data.
Even if the second component does not exhibit magnetic ordering,
it will contribute with a paramagnetic moment. This explains the
paramagnetic behavior seen for theχ−1−T data. Therefore, a small
paramagnetic signal from the main component cannot be verified
or disproved.
The spectral area (A) plotted in Fig. 4 in terms of temperature,

is given in units of width (mm/s) times absorption (%). The area
is proportional to the fraction of gamma quanta absorbed in a
recoil-free manner by the sample. Accordingly, with decreasing
temperature it should be gradually enhanced, as the distance to the
Debye temperature increases. In the present case, however, both
the rather fast initial growth of the absorption areawith decreasing
temperature below Tc and its peaking at 6 K indicate changes in the
stiffness of the lattice: first a fast growth of stiffness followed by
lattice softening as temperature is lowered.
The isomer-shift data also exhibits an atypical temperature

dependence as shown in Fig. 4. Due to the so-called second-order
Doppler shift the data pointsmove up as temperature is decreased.
However, due to the leveling-off of the second-order Doppler shift
at low temperatures the dependence should show a characteristic
convex curve. Contrary to this, a concave curve with a maximum
about 8 K is observed. As indicated by the absorption-area data, a
change appears in the lattice stiffness; this is bound to affect the
second-order Doppler shift, resulting in the peculiar shape of the
isomer-shift curve in terms of temperature. The changes in lattice
stiffness may indicate an active role of phonons in the occurrence
of superconductivity, or merely be a manifestation of magneto-
elastic coupling in the lattice [24,29]. The peaking of the two curves
should, in principle, coincide. The apparent small temperature
difference in the peak positions could be merely due to the data-
collection step size, which is 2 K, or caused by minute spectral
broadening, if it is ofmagnetic origin. Our preliminary data indicate
changes for the isomer shift and total absorption of FeSe aswell, i.e.,
both decrease strongly about Tc [30]. It should also be pointed out
that at the temperatures where the peaking of the isomer shift and
absorption area occurs, any secondary phase should exhibit very
little temperature evolutions, i.e. the observed effect is entirely due
to the main component.
In conclusion, 57Fe Mössbauer measurements performed in a

range of temperatures from 4.5 to 55 K revealed lattice stiffening
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followed by softening below Tc . This was observed for both the
isomer-shift and the absorption-area data, indicating possible
changes in the phonon spectra in the vicinity of Tc .
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