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We report inelastic neutron scattering measurements of the phonon density of states of superconducting
Sr0.6K0.4Fe2As2 �Tc=32 K� and Ca0.6Na0.4Fe2As2 �Tc=21 K�. Compared with the parent compound BaFe2As2

doping affects mainly the lower and intermediate frequency part of the vibrations. Mass effects and lattice
contraction cannot solely explain these changes. Softening of phonon modes below 10 meV has been observed
in both samples on cooling from 300 to 140 K. In the Ca-doped compound the softening amounts to about 1
meV while for the Sr-doped compound the softening is about 0.5 meV. There is no appreciable change in the
phonon density of states on crossing Tc.
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The recent discovery of superconductivity in Fe-As lay-
ered structure compounds has attracted a huge attention1–20

in the scientific community. In general terms these systems
can be classified in two different families. The first is derived
from the parent compounds RFeAsO �R=La, Sm, Ce, Pr, Nd,
and Gd� for which—depending on the lanthanide ion—Tc
can be as high as 55 K on doping2 with F at the O site. The
highest Tc �56.5 K� for iron-based superconductors so far
was achieved in Gd1−xThxOFeAs without F doping.3 The
second type of family is derived from parent compounds of
the composition MFe2As2 �where M =Ba, Sr, Eu, and Ca�. Tc
values as high as 38 K are found4 on partial substitution of
Ba by K atoms. The difference between the two families is
that whereas in MFe2As2 the Fe-As layers are separated by
M atoms, in RFeAsO the separation is achieved by R-O lay-
ers.

Extensive efforts have been undertaken to raise Tc and to
understand the mechanism of superconductivity in these
compounds. Electronic structure calculations9 show that in
FeAs compounds the electronic bands around the Fermi level
are formed mainly by Fe and As states, while the bands of
La-O or M atoms are far from the Fermi level. It is therefore
natural to believe that superconductivity in these compounds
is due to the structural and electronic properties of the Fe-As
layers. Recent inelastic neutron scattering measurements car-
ried out on BaFe2As2 and Ba0.6K0.4Fe2As2 �Refs. 10 and 11�
evidenced the presence of magnetic excitations. Therefore,
spin fluctuations are believed to play an important role for
the mechanism of superconductivity. In particular it has been
calculated that phonons couple selectively to the spin
system.12 Therefore, despite the fact that simple electron-
phonon coupling mechanisms13 seem to be rather unlikely, it
is important to investigate the phonon spectrum experimen-
tally in order to clarify the role of phonon in the pairing

mechanism of the electron in the superconducting phase.
Electron-phonon coupling may be inferred via the changes in
phonon lifetime and phonon energies.

Due to the greater polarizability of As ion in comparison
to divalent oxygen, these compounds are expected to be
more compressible than copper-based systems. The applica-
tion of pressure is known to have important effects on the
physical properties of these systems. In particular it has been
shown that the structural and magnetic phase transitions that
are known in these compounds5–8 are suppressed under high
pressure. These observations suggested that the structural
phase transition to a collapsed tetragonal phase in MFe2As2
is related to superconductivity. The application of pressure
results in a steep increase5 in Tc in F-doped LaOFeAs from
27 to 43 K at 4 GPa. In CaFe2As2 pressure-induced
superconductivity6,7 was detected at a pressure onset of 0.35
GPa while superconductivity for BaFe2As2 and SrFe2As2
appears8 at significantly higher pressures �3.8 and 3.2 GPa,
respectively�. An important effort on measuring and simulat-
ing the excitations in these systems has recently been done;
in particular, the results of polarized Raman spectra of non-
superconducting CaFe2As2 and SrFe2As2 and superconduct-
ing Sr0.6K0.4Fe2As2 have been communicated.15 The lattice
dynamics of LaFeAsO1−xFx, PrFeAsO1−y, and NdFeAsO has
also been investigated via inelastic x-ray scattering and first-
principles calculations.16 It has also been discovered that the
experimental phonon data on LaFeAsO are not fully ex-
plained by ab initio calculations.17

In this paper, we explore these compounds using the tech-
niques of inelastic neutron scattering and lattice-dynamical
model calculations. Attention will be focused on electron-
phonon coupling that should be detectable in the changes
upon doping as well as in the temperature evolution of the
spectra. The results presented here concerned the supercon-
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ducting phase of Sr0.6K0.4Fe2As2 and Ca0.6Na0.4Fe2As2. A
large part of the discussion will be based on our earlier
investigation19 of the parent compound BaFe2As2, which we
will use as a reference system.

The polycrystalline samples of Sr0.6K0.4Fe2As2 �Tc
=32 K� and Ca0.6Na0.4Fe2As2 �Tc=21 K� were prepared4,20

by heating stoichiometric mixtures of the corresponding pu-
rified elements. All samples were prepared in batches of
3–4.5 g and heated and annealed several times in sealed
niobium tubes under an atmosphere of purified argon. After
each annealing step, the mixtures were homogenized in an
agate mortar and pressed into pellets before the last anneal-
ing step. The samples were heated to 1073–1173 K
�Sr0.6K0.4Fe2As2� and 973–1073 K �Ca0.6Na0.4Fe2As2� in the
different annealing steps and kept at these temperatures for
30–48 h. In the first step, the mixtures were heated very
slowly in the temperature range from 573 to 873 K and kept
at this temperature for 12 h in order to prevent undesirable
reactions. The phase purity for the polycrystalline samples
was checked by x-ray powder diffraction. Rietveld refine-
ments were performed using the TOPAS ACADEMIC package.21

For Sr0.6K0.4Fe2As2 sample we find that Fe impurity is about
6%, while for Ca0.6Na0.4Fe2As2 unknown impurity phases
are estimated to be less than 10%. Both samples have body-
centered-tetragonal cell and space group is determined to be
I4 /mmm.The a and c lattice parameters and the z parameter
for the As atom are 3.886 Å �3.854 Å�, 12.923 Å
�12.066 Å�, and 0.3577 �0.3669�, respectively, for
Sr0.6K0.4Fe2As2 �Ca0.6Na0.4Fe2As2�. The refined Sr:K ratio of
Sr0.6K0.4Fe2As2 is 0.59�1�:41�1�; the Ca:Na ratio of
Ca0.6Na0.4Fe2As2 is 0.44�8�:0.56�8�. The superconducting
character of the samples was checked by ac-susceptibility
measurements under zero-field-cooled �shielding� and field-
cooled �Meissner� cycles of finely ground powder samples
using a superconducting quantum interference device
�SQUID� magnetometer �MPMS-XL5, Quantum Design,
Inc.� at 1.5 T. The samples showed superconducting transi-
tions at 32 and 21 K for Sr0.6K0.4Fe2As2 and
Ca0.6Na0.4Fe2As2, respectively.

The inelastic neutron scattering experiments were per-
formed using the IN4C and IN6 time-of-flight spectrometers
at the Institut Laue Langevin �ILL�, France. The measure-
ments were performed on about 8 g of polycrystalline
samples. On IN4C, the measurements were done in the
neutron-energy-loss mode using an incident neutron wave-
length of 1.18 Å at a temperature below �2.5 K� and above
�50 K� the superconducting transition. In this configuration
the elastic energy resolution of the spectrometer is about 3
meV. The detector bank covered scattering angles from 13°
to 120°. For the IN6 measurements, an incident neutron
wavelength of 5.1 Å was used. The measurements were per-
formed in the neutron-energy-gain mode and the data were
collected at 140 and 300 K. In this configuration the energy
resolution of the spectrometer is 0.07 meV at elastic position
so that a higher resolution is achieved in the low-frequency
range with regard to IN4C data. The angular range of the
spectrometer covers 10° –113°. The scattering from a stan-
dard vanadium sample was used to calibrate the detectors
both on IN4C and IN6. In the incoherent one-phonon ap-
proximation the measured scattering function S�Q ,E�, as ob-

served in the neutron experiments, is related to the phonon
density of states22 as follows:
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where the + or − signs correspond to energy loss or gain of
the neutrons, respectively, and where n�E ,T�= �exp�E /kBT�
−1	−1. A and B are normalization constants and bk, mk, and
gk�E� are the neutron scattering length, mass, and partial den-
sity of states of the kth atom in the unit cell, respectively. The
quantity within 
¯� represents suitable average over all Q
values at a given energy. 2W�Q� is the Debye-Waller factor.

The weighting factors
4�bk

2

mk
for various atoms in the units of

barns/amu are Sr: 0.071; K: 0.050; Na: 0.143; Ca: 0.071; Fe:
0.208; and As: 0.073.

The experimental S�Q ,E� measured for Sr0.6K0.4Fe2As2
and Ca0.6Na0.4Fe2As2 using the IN4C spectrometer are
shown in Fig. 1. In contrast to recent reports on similar
measurements11 carried out on powder samples of
Ba0.6K0.4Fe2As using the MERLIN spectrometer at ISIS, our
measurements do not show any clear signature from resonant
spin excitation. However, the �Q ,E� range attainable using
IN4C is reduced compared to that of MERLIN at low-Q
values. This added to a lower signal-to-noise ratio on IN4C
�MERLIN is known to posses a particularly high ratio� can
prevent detecting this weak feature. Therefore, while it
would be tempted to conclude that such excitation is absent
in the data reported in this paper, we feel that further inves-
tigations might be necessary for being certain.

The generalized phonon density of states obtained from
the S�Q ,E� for both compounds at 2.5 and 50 K are shown in
Fig. 2. One clearly observes a strong similarity of the gener-
alized density of states measured above and below the super-
conducting transition temperature for both compounds. This
suggests that the formation of Cooper pairs have only a very
minor influence on the overall vibration spectrum.

The lattice-dynamical calculation procedure follows
closely the one that we previously reported for BaFe2As2.19

The structure parameters that we used were those reported in
Ref. 20. The semiempirical interatomic potential consists of
Coulombic and short-range terms plus a van der Waals at-
tractive interaction between the oxygen atoms. The polariz-
ability of the As atom was accounted for in the framework of
the shell model. The parameters of the interatomic potential
are the effective charge and the radius of the atoms. The
choice of the radii parameter corresponding to Sr/K and
Ca/Na was done such that the potential satisfies the condi-
tions of static and dynamic equilibrium.23,24 The radii param-
eters for Sr/K and Ca/Na site atoms are R�Sr /K�=2.11 Å
and R�Ca /Na�=2.08 Å. All other parameters of the potential
are the same as those reported for BaFe2As2. The calcula-
tions have been carried out using the current version of the
software DISPR developed at Trombay.
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To simulate the nonstochiometry arising from the doping
the calculations are carried out for a 2�2�2 supercell,
where 40% of the M�Sr,Ca� atoms are randomly replaced by
either K or Na atoms in SrK and CaNa compounds, respec-
tively. The calculated phonon spectra are also shown in Fig.
2. While the calculated spectra compare reasonably well with
the experimental data from IN4C at high frequency, there are
many discrepancies at energies around 20 meV in Sr and Ca
compounds. This reflects the difficulties already encountered
when simulating the dynamics of these systems with one or
more extra peak in this energy range. Even more sophisti-
cated techniques such as ab initio phonon calculations fail to
perfectly reproduce the experimental phonon spectra12,17 of

LaFeAsO and BaFe2As2 �Refs. 12 and 17� in this energy
range. As an example, the three-peak structure observed in
the experimental17 phonon density of states of LaFeAsO be-
tween 20 to 50 meV is not reproduced by ab initio calcula-
tions which predict only one peak. Despite these disagree-
ments, the calculations are useful for identifying the
dynamical contributions to frequency distribution arising
from the various species of atoms in the SrK and CaNa com-
pounds. The partial densities of states �Fig. 3� give the dy-
namical contributions to the frequency distribution arising
from the various species of atoms. The Sr/K and Ca/Na at-
oms mainly contribute in the 0–25 meV range, while the As
and Fe atoms contribute in the whole 0–40 meV range.
Above 30 meV the contributions are mainly due to Fe-As
stretching modes. Below 15 meV the contributions arise

FIG. 1. �Color online� The experimental S�Q ,E� plots for Ca0.6Na0.4Fe2As2 and Sr0.6K0.4Fe2As2 at 2.5 and 50 K measured using the IN4C
spectrometer at the ILL with an incident neutron wavelength of 1.18 Å. The values of S�Q ,E� are normalized to the mass of sample in the
beam. For clarity, a logarithmic representation is used for the intensities.
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FIG. 2. �Color online� Comparison between the calculated and
experimental phonon spectra of Sr0.6K0.4Fe2As2 and
Ca0.6Na0.4Fe2As2. The measurements are carried out with incident
neutron wavelength of 1.18 Å using the IN4C spectrometer at the
ILL. For better visibility the experimental phonon spectra at 50 K
are shifted along the y axis by 0.04 meV−1. The calculated spectra
have been convoluted with a Gaussian of full width at half maxi-
mum �FWHM� of 3 meV in order to describe the effect of energy
resolution in the experiment.
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mainly from Ca/Na and Sr/K atoms. The first low-energy
peak in the partial density of states �Fig. 3� of Ca/Na and
Sr/K is at about 8 meV.

The superconducting properties of MgB2 with a Tc of 38
K, i.e., similar to that of the pnictide superconductors, have
been explained in the framework of standard electron-
phonon coupling. In this compound, the phonons mediating
the pairing are of very high energy. Their involvement in
superconductivity is reflected in the strong change they ex-
perience on doping.25 In the present case the high-frequency
band at 34 meV reacts relatively weak to doping and the
small changes observed are more likely related to minor
variations in the bond lengths. Therefore, despite the fact that
a BCS-like gap has been found18 in the superconductor
SmFeAsO0.85F0.15 by Andreev spectroscopy, the high Tc of
the pnictides seems incompatible with standard electron-
phonon coupling alone.

We have completed the phonon density-of-states measure-
ments at low temperatures with measurements of higher res-
olution in the low-frequency range �0–20 meV� using the
IN6 spectrometer with an incident wavelength of 5.1 Å �Fig.
4�. Due to their nature �up scattering� these measurements
are limited to higher temperatures. The phonon densities of
states for Ba, CaNa, and SrK compounds �Fig. 4� measured
at 300 K using IN6 show pronounced differences in the
lower half of the spectral range. It is not evident to attribute
these changes to a simple mass renormalization of the modes
involving Ba�m=137.34 amu�, Sr�m=87.62 amu�, and
Ca�m=40.08 amu�. Qualitatively our data show in particular
that the peak found at about 21 meV in Ba and Sr com-
pounds has been shifted to a lower energy of about 17.5 meV
in the Ca compound. If we compare the unit-cell dimensions
of CaNa, Ba, and SrK compounds, then we notice that all
three compounds feature nearly the same values for the lat-
tice parameter a, while the lattice parameter c in the CaNa

compound is about 10% shorter in comparison to that of the
Ba and SrK compounds. This implies that the M-As �M
=Ca /Na� and Fe-As bond lengths are slightly reduced in the
CaNa compound with regard to the other. This contraction of
the unit cell and/or in the bond lengths should normally re-
sult in shifting the modes, if at all, to higher energies. The
fact that the contrary is observed indicates that the bonding
scheme is different for the CaNa compound. The buffer lay-
ers are thus not just charge reservoirs. The unit-cell contrac-
tion is accompanied by a substantial change in the free struc-
tural parameter of As �from z=0.3577 to z=0.3669�. It is
known from density-functional calculations that this param-
eter has a crucial influence on the binding and in particular
on the phonon frequencies12 in BaFe2As2. It may be specu-
lated that it equally has substantial responsibility for the
changes observed here. A clarification of this point has to
await ab initio calculations for the doped compounds.

Apart from the doping dependence the temperature de-
pendence of the phonon spectra may give valuable insight
into the dynamics of a superconductor. Usually phonon
modes are found to shift toward higher energies with a de-
crease in the unit-cell volume with decreasing temperature.
This is actually what we observe for the high-frequency band
centered on 34 meV when going from 300 to 140 K. It can
be seen that at 140 K the band around 25 and 34 meV are
narrower and shifted to higher energies in comparison to the
data at 300 K. Contrary to the high-frequency bands the low-
energy phonon modes up to about 10 meV soften �Fig. 4� for
both the CaNa and SrK compounds as we decrease the tem-
perature from 300 to 140 K. In the CaNa-doped compound
the softening amounts to about 1 meV while for the SrK-
doped compound the softening is about 0.5 meV. A similar
softening of low-frequency modes has, e.g., been observed in
superconducting26 LuNi2B2C.

In general it is not easy to make a connection between
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FIG. 4. �Color online� �a� The experimental phonon spectra of Sr0.6K0.4Fe2As2, Ca0.6Na0.4Fe2As2, and BaFe2As2 measured with incident
neutron wavelength of 5.12 Å using IN6 spectrometer at ILL. The experimental phonon data for BaFe2As2 are taken from Ref. 12. All the
phonon spectra are normalized to unity. �b� Zoom of the low-energy part.
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temperature-induced softening and electron-phonon cou-
pling. In the present case the behavior of the system under
pressure may give an indication. Superconductivity in the
parent MFe2As2 compounds emerges when there is suppres-
sion of the structural phase transition and its concomitant
magnetic ordering. The large volume collapse7 of CaFe2As2
at a temperature corresponding to its pressure-induced super-
conductivity indicates that the phase transition is electronic
in origin. This strong correlation of electronic properties and
structure would be compatible with a softening of low-
energy phonon modes in CaNa and SrK compounds due to
electron-phonon coupling �lowering of temperature corre-
sponding structurally to an increase in pressure�. The higher
softening in the CaNa compound may indicate that electron-
phonon coupling is stronger than for SrK. Since the phonon
softening is observed only in the normal state of both super-
conducting samples, it is unlikely to be directly associated to
superconductivity, and this is despite the isotope effect ob-
served in pnictide superconductors.14 As the tetragonal to
orthorhombic phase transition is suppressed in the supercon-
ducting compounds, the structure phase transition also ap-

pears to be not relevant to the observed phonon softening.
In summary, we have reported an experimental phonon

study of the Sr0.6K0.4Fe2As2 and Ca0.6Na0.4Fe2As2 supercon-
ducting compounds using inelastic neutron scattering and lat-
tice dynamics calculations. We show that doping affects
mainly the lower and intermediate frequency part of the vi-
brations. In particular the region around 20 meV that had
already retained our attention in the parent BaFe2As2 shows
a very strong renormalization. Mass effects and lattice con-
traction solely cannot explain these changes. Therefore, the
type of buffer ion influences the bonding in the Fe-As layers.
The buffers thus cannot be considered as a mere charge res-
ervoir. The high-frequency band reacts moderately to the
doping. In both compounds the low-energy phonon modes
soften with temperature. This softening, which is stronger in
the CaNa compound, might be due to electron-phonon cou-
pling effects. No anomalous effects are observed in the pho-
non spectra when passing the superconducting transition
temperature. All this indicates that while electron-phonon
coupling is present it cannot be solely responsible for the
electron pairing.
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