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a b s t r a c t

The optimally doped ‘122’ iron-based superconductor Ba0.6K0.4Fe2As2 has been studied by 57Fe Mössbauer
spectroscopy versus temperature ranging from 4.2 K till 300 K with particular attention paid to the
superconducting transition around 38 K. The spectra do not contain magnetic components and they
exhibit quasi-continuous distribution of quadrupole split doublets. A distribution follows the electric field
gradient (EFG) spatial modulation (wave) – EFGW. The EFGW is accompanied by some charge density
wave (CDW) having about an order of magnitude lesser influence on the spectrum. The EFGW could be
modeled as widely separated narrow sheets with the EFG increasing from small till maximum value
almost linearly and subsequently dropping back to the original value in a similar fashion – across the
sheet. One encounters very small and almost constant EFG between sheets. The EFGW shape and
amplitude as well as the amplitude of CDW are strongly affected by a superconducting transition. All mod-
ulations are damped significantly at transition (38 K) and recover at a temperature being about 14 K lower.
The maximum quadrupole splitting at 4.2 K amounts to about 2.1 mm/s, while the dispersion of CDW seen
on the iron nuclei could be estimated far away from the superconducting gap opening and at low temper-
ature as 0.5 el./a.u.3. It drops to about 0.3 el./a.u.3 just below transition to the superconducting state.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

There are several reports on the sensitivity of Mössbauer
spectroscopy to the superconducting transition [1–7] in particular
for the iron-based superconductors [8,9]. Variation in the lattice
dynamics due to the superconducting transition has been
predicted as well [10]. Generally some variation in the recoilless
fraction is observed across the transition and is sometimes accom-
panied by variation in the second order Doppler shift (SOD), but
many reports are inconsistent. Some changes of the lattice stiffness
have been observed e.g. by the neutron scattering in iron pnictides
[11–13]. Mössbauer spectroscopy is generally insensitive to the
superconducting transition in classical superconductors [14,15].
However, for unconventional superconductors where some very
short-range pairing mechanisms could apply everything depends
on the coherence length of the composite boson (Cooper pair) as

long as local effects are considered. One has to note that
superconductivity drastically modifies density of the electronic
states at the Fermi surface, and the latter has influence on the
hyperfine interactions. Hence, a search by the Mössbauer
spectroscopy is justified – a method does not perturbing
superconducting state.

We have chosen an optimally doped iron-based superconductor
of the ‘122’ family – namely Ba0.6K0.4Fe2As2. It has a relatively high
critical temperature of Tsc = 38 K [16] and the magnetism is
completely suppressed at optimal doping making analysis of the
spectra much easier [17]. High-quality samples and large single
crystals are available for the ‘122’ family in contrast to other
families of iron-based superconductors. One can observe for the
sample in question hyperfine parameters, i.e. the quadrupole
splitting and the total shift. Some auxiliary information is
contained in the absorber line width. The area under the
absorption cross-section monitors the recoilless fraction on the
resonant atoms. Hence, one can look at the variation of the above
parameters across a transition to the superconducting state.
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2. Experimental

The polycrystalline sample of Ba0.6K0.4Fe2As2 was prepared by a solid state reac-
tion method from high-purity Ba, K, As, and Fe with natural isotopic composition, as
described in Ref. [18].

The Mössbauer absorber was prepared in powder form by mixing 39 mg of
Ba0.6K0.4Fe2As2 with the B4C carrier. The thickness of the absorber amounted to
19 mg/cm2 of Ba0.6K0.4Fe2As2. A commercial 57Co(Rh) source kept at room temper-
ature was applied. A Janis Research Co. SVT-400 cryostat was used to maintain the
absorber temperature, with the long time accuracy better than 0.01 K (except at
4.2 K, where the accuracy is better than 0.1 K). A RENON MsAa-3 Mössbauer spec-
trometer equipped with a Kr-filled proportional counter was used to collect spectra
in the photo-peak window. The geometry, count-rate and single channel analyzer
window borders were kept constant during all measurements constituting a single
uninterrupted series with increasing subsequent temperatures within the range
4.2–65 K. Additional spectra were collected at 80 K and 300 K. The velocity scale
was calibrated by a He-Ne laser-equipped interferometer. The data were processed
within the transmission integral approximation by the Mosgraf-2009 software suite
applying GmfpQDW application [19].

3. Theoretical background for EFGW and data evaluation
method

The Mössbauer spectroscopy is sensitive to the charge (elec-
tron) distribution around the resonant nucleus via the isomer shift
and the electric quadrupole interaction. The former is possible to
observe due to the fact that two nuclear levels are involved and
it amounts to SI = a(q – qS), where the parameter a is the so-called
calibration constant, while the symbol q stands for the electron
density on the resonant nucleus in the absorber. The symbol qS

denotes corresponding electron density in the source or reference
material (constant). For a resonant transition from the ground to
the first excited nuclear state of 57Fe one has a = �0.291(mm/
s)(a.u.)3el.�1 [20]. A total spectral shift versus some reference
material like a-Fe (at normal conditions) or source involves a sec-
ond order Doppler shift (SOD) SD as well. However, the latter shift
is usually the same for all resonant atoms at a given temperature
and pressure provided the source is kept under constant tempera-
ture and pressure as well. Hence, a total shift versus reference
material (a-Fe at room temperature and normal pressure in the
present work) amounts to S = SD + SI. The electric quadrupole inter-
action affects solely the first excited nuclear state for aforemen-
tioned transition as the ground state has nuclear spin Ig = 1/2.
The first excited state has spin Ie = 3/2 and hence, a doublet is
observed with the splitting D ¼ 2jej. For isotropic recoilless fraction
and completely random absorber this is symmetrical doublet com-
posed of two Lorentzian lines having the same line width C. Note
that aforementioned resonant transition is of the pure M1 charac-
ter. It is assumed that the source is resonantly thin and emits
unpolarized radiation as a single Lorentzian line having width CS.
The parameter e (quadrupole coupling constant) evaluates to
e ¼ ½ðecQeÞ=ð4E0Þ�Vzzð1þ g2=3Þ1=2. The symbol e stands for the posi-
tive elementary charge, while the symbol c denotes speed of light
in vacuum. The spectroscopic electric quadrupole moment
amounts to Qe = +0.17b for the first excited state in 57Fe [20]. The
symbol E0 denotes energy of the resonant transition (14.41 keV),
while the symbol Vzz stands for the principal component of the
electric field gradient tensor (EFG) on the resonant nucleus. The
parameter 0 6 g 6 1 is the so-called asymmetry parameter of
the EFG. It equals null for the axially symmetric EFG. One can mea-
sure only the splitting D for a transition above mentioned in the
absence of magnetic hyperfine interactions, and for the material
being isotropic in the sense defined above.

The charge density wave (CDW) is a spatial modulation of the
charge (electron) density and for three dimensional or layered
systems it is usually approximated by the time independent stand-
ing plane wave with the spatial period quite often being incom-
mensurate with the lattice period in the same direction. The s
electrons in CDW affect the isomer shift on resonant nuclei leading

to the distribution of the isomer shifts. A contribution from the
minor relativistic p electrons could be neglected for such light
atoms like iron. Cieślak and Dubiel [21] performed detailed studies
on the influence of the CDW shape on the Mössbauer spectra. For a
similar modulation of the density of electrons with higher angular
momentum than zero one can expect modulation of the EFG in
addition to the constant EFG induced locally by some symmetry
breaking below cubic. The latter effect could be much stronger
than the previous one, i.e. the isomer shift modulation, (about an
order of magnitude) due to the local enhancement caused by
redistribution of the valence electrons. Hence, the parameter e
could be written in the form e ¼ eðq � rÞ ¼ ½ðecQeÞ=
ð4E0Þ�Vzzðq � rÞ½1þ g2ðq � rÞ=3�1=2. The symbol q denotes wave
vector of the time independent standing wave leading to the
modulation, while the symbol r stands for a position of the partic-
ular resonant nucleus. The latter type of modulation is abbreviated
further as EFGW (electric field gradient wave). One cannot fit
simultaneously CDW and EFGW shapes due to the limited resolu-
tion. The parameter e ¼ eðq � rÞ could be expanded into harmonics
as follows:

e ¼ eðq � rÞ ¼ e0 þ
XN

n¼1

ðan cos½nðq � rÞ� þ bn sin½nðq � rÞ�Þ: ð1Þ

The symbol e0 stands for a constant component. The parameters
an and bn denote amplitudes of subsequent harmonics. For a
complex shape of EFGW (N� 1) it is virtually impossible to fit
independent amplitudes of various harmonics due to the limited
resolution. The situation is much better in the case of the spin den-
sity waves (SDW) as the resolution of the magnetically split spectra
is much higher [22]. Hence, some approximation is necessary in
the case of EFGW (and even more in the case of CDW). We have
used the following approximation within the range 0 6 q � r 6 2p:

e ¼ eðq � rÞ ¼ e0 þ AF�1
maxFðq � rÞ: ð2Þ

Here the symbol A > 0 stands for the amplitude of the modula-
tion, while the symbol Fmax > 0 denotes maximum value of the
function Fðq � rÞ taking on the following form:

Fðq � rÞ ¼

sinðq � rÞ exp �b2 q � r
2p �

1
4

� �2
" #

þ exp �b2 q � r
2p �

3
4

� �2
" #( )

: ð3Þ

The shape of EFGW is described by the adjustable parameter b.
This approximation works reasonably and it relies on the two
adjustable parameters only A and b being therefore numerically
stable. Hence, the absorption cross-section is described by a
quasi-continuous set of symmetrical doublets having common
total shift S (average total shift) and being composed of Lorentzians
having all the same line width. The absorber dimensionless reso-
nant thickness tA is an adjustable parameter within standard trans-
mission integral used to fit the spectrum. Another parameter
describing transmission integral is the effective source recoilless
fraction, i.e. a recoilless fraction of the source corrected for the
detector background under the resonant c-ray line. However, for
a single series of uninterrupted measurements with approximately
constant average count-rate (within the linear amplitude and fre-
quency response range of the detector system) above parameter
could be kept constant upon having measured it independently.
It has been set here to fS=k ¼ 0:56 with the symbol fS denoting
recoilless fraction of the source and symbol k > 1 standing for
the background counts correction. The parameter k is defined as
k ¼ ðsþ bÞ=s, where s stands for the number of counts due to the
resonant line (both recoilless and with recoil), while b denotes
number of counts belonging to the background. Both numbers of
counts are those accepted within the window of the analyzer.
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