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Mulliken Occupation as the Indicator of Transition
to Superconducting State in SrFe2As2 and BaFe2As2
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Basing on the ab initio calculations performed within full potential local orbital minimum basis method, the
Mulliken occupation of the Sr 5s (n5s) and Ba 6p (n6p) states can serve as an indicator of transition to the super-
conducting state in doped SrFe2As2 and BaFe2As2 compounds where the iron was substituted with cobalt or in the
pristine compounds under pressure. The estimated pressure, at which both compounds exhibit superconductivity
based on Sr 5s and Ba 6p occupation is in good agreement with the recently published experimental data.
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1. Introduction

The iron-based superconductors have been recently
very intensively studied due to the relatively high tem-
perature at which they can still exist in the superconduct-
ing state and similarities to the well known copper oxide
high-Tc superconductors [1]. The first reports concerned
RFeAsO (R = rare earth element) type compounds, with
quasi-two-dimensional tetragonal structure where it was
postulated that electron count within charged (LaO)δ+
and (FeAs)δ− layers plays an important role in sup-
pressing the antiferromagnetic order and emergence of
the superconducting state [2]. Later other supercon-
ducting systems with (FeAs)δ− layers were discovered,
which suggested that these layers are crucial for super-
conducting state formation. These compounds crystal-
lize in ThCr2Si2 crystal structure with alternating layers
of alkaline earth or rare earth metals separated by the
(FeAs)δ− layers.

SrFe2As2 and BaFe2As2 belong to this class, moreover
BaFe2As2 gained considerable interest when it was re-
ported that it exhibits moderately high critical temper-
ature of T ≈ 38 K, when barium sites are doped with
potassium [3]. Both systems are tetragonal (I4/mmm
space group) at the ambient conditions, and both un-
dergo a structural transition to the orthorombic phase
(Fmmm space group) at low temperatures (203 K for
SrFe2As2 [4] and 140 K for BaFe2As2 [3]). For both sys-
tems the superconducting phase is orthorombic and the
superconductivity can be induced by either application
of external pressure or by doping.

For SrFe2As2 the superconductivity was reported upon
substitution of 20–40% of Fe by Co [5] or by applying
pressure above 2 GPa [6] or 3 GPa [7, 8]. In tetrago-
nal phase at the room temperature the bulk modulus of
SrFe2As2 is about ≈46 GPa [9], however, upon applying
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a pressure above 10.7 GPa SrFe2As2 undergoes a transi-
tion to collapsed tetragonal phase with much higher bulk
modulus ≈112 GPa.

In a similar manner BaFe2As2 exhibits superconduc-
tivity at pressures higher than 0.8–1.5 GPa [10] or when
2.5–18% of Fe atoms are substituted by Co atoms [11, 12].
At the ambient conditions within tetragonal phase the
bulk modulus of pristine BaFe2As2 is about 59 GPa [13],
whereas at the high pressures 26–29 GPa structural phase
transition to collapsed tetragonal phase takes place [14].
The transition from the metallic to superconducting
state caused by doping or external pressure, depends on
the electron concentration and charge transfer between
(FeAs)δ− and Sr/Ba layers [3]. One can expect therefore
that charge transfer to the Sr/Ba sites should indicate
the onset of superconductivity.

The calculations performed for SrFe2As2 and
BaFe2As2 doped with Co or under pressure indi-
cate that the Mulliken occupation [15] of Sr-5s and
Ba-6p states indeed reflects the superconducting state
formation. The 6p states which are unoccupied in a free
Ba atom do exhibit some finite occupation in a BaFe2As2
crystal, which also reflects the charge transfer from the
(FeAs)δ− layers. We have shown that transition from
the Kondo insulator to metallic state depends on critical
5d electron occupation of rare earth metal [16, 17], here
for the transition to superconducting state Sr-5s and
Ba-6p occupation seems to play a similar role.

2. Calculation details

Band structure calculations were performed within
minimum basis full potential local orbital (FPLO)
method (FPLO 5.00-20 computer code) [18] with the
local spin density approximation (LSDA) exchange-
correlation potential in the form proposed by Perdew and
Wang [19]. The basis was chosen as follows: as a valence
states were considered (6s,6p,5d) for Ba, (5s,5p,4d) for
Sr and (4s, 4p, 3d) for Fe, Co, As; as the semicore states
were considered (5s,5p) for Ba, (4s,4p) for Sr and (3s,3p)
for Fe, Co, As. Structural data was taken from [5] for
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SrFe2As2 and from [2] for BaFe2As2. Calculations were
performed in scalar relativistic, spin-resolved way.

The effect of pressure was studied by performing cal-
culations for the unit cell uniformly scaled down to 85%
of the experimental volume. Pressure was determined
from the formula p = BlnV0/V where B stands for bulk
modulus, V0 for the equilibrium volume and V for the
scaled unit cell volume. The experimental unit cell vol-
ume was taken as V0 , whereas bulk modulus was taken
from Ref. [9] for SrFe2As2 and Ref. [13] for BaFe2As2.

The substitution of Fe atoms with Co was investigated
within virtual crystal approximation which is justified
by the fact that these two elements are neighbours in
periodic table. Calculations were performed for 280 k-
points in the irreducible wedge of the Brillouin zone and
their convergence was carefully checked.

Population of particular states was calculated using the
Mulliken charge analysis [15]. Such analysis have its well
known problems, i.e. it can give negative occupations
or occupations above the maximum number for a given
orbital, moreover it is also a rather approximate tool to
study crystal. It should be emphasised that in this report
the main purpose was the study of changes of the partic-
ular occupations with pressure or upon doping, and not
the absolute occupation number which has indeed little
meaning. The changes of the charge symmetry coming
from the changes of the particular orbital occupations
are here the most important point, and as the presented
results show rather small occupation changes of the or-
der 10−4 electron (e). All presented results were carefully
checked to have charge convergence better than 1×10−5e
per unit cell.

3. Results

Figure 1 shows the Mulliken Sr 5s occupation (upper
part) and the Mulliken Sr 5p occupation (lower part)
calculated for the Sr(Fe1−xCox)2As2. For this series it
was reported from resistivity and susceptibility measure-
ments that superconductivity occurs for Co concentra-
tions 0.2 < x < 0.4 [5], which is marked in Fig. 1 as a gray
shaded area. Full circles denote the Mulliken occupations
for experimental lattice parameters and As z position,
whereas blue crosses represent occupations for experi-
mental lattice parameters with As atoms shifted by 0.5%
in z direction. Red stars correspond to experimental As
position, but lattice parameters scaled down by 1.5%.
The shape of the curves is essentially the same, therefore
one can conclude that it is possible to chose a critical (or
threshold) value of Sr 5s population, which separates the
superconducting state from the normal state. The ab-
solute number for this critical occupation would be dif-
ferent for these three structural models considered, but
the concentrations range below a threshold would corre-
spond to 0.2 < x < 0.35 in all those cases assuming that
the threshold value is chosen at x=0.2. This concentra-
tion range is in good agreement with the region where
the superconductivity was reported from experimental

data. For experimental lattice parameters and experi-
mental As position the threshold value is n5s < 0.204403
electrons (e) which is marked by a dashed line in Fig. 1.
In Fig. 2 the Sr 5s occupation calculated vs. external
pressure for the pristine SrFe2As2 compound is shown,
here again the same critical value n5s = 0.204403e is de-
noted by a dashed line. The shaded region corresponds to
n5s < 0.204403e, where the superconductivity should oc-
cur according to the Sr 5s occupation criterion suggested
above for the Sr(Fe1−xCox)2As2 series. We see that the
threshold value is reached for pressures p >2.95 GPa,
where it was indeed reported that the superconducting
state is formed in SrFe2As2 [7, 8].
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Fig. 1. Mulliken occupation of Sr 5s (upper part) and
Sr 5p states (lower part) for the Sr(Fe1−xCox)2As2 se-
ries. Gray shading denotes region where superconduc-
tivity was reported from experimental data [5]. The cal-
culations were performed for unit cells with: (a) experi-
mental lattice parameters and experimental As 8i posi-
tion, (b) experimental lattice parameters and As shifted
by 0.5% in z direction from the origin, and (c) lattice pa-
rameters uniformly scaled down by 1.5% and experimen-
tal As 8i position. Dashed line placed at n5s=0.204403
electrons serves as a guidance for eye and indicates crit-
ical 5s occupation below which a superconducting state
is formed.
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Fig. 2. Mulliken occupation of Sr 5s states vs. pres-
sure calculated for the pristine SrFe2As2 compound.
The same value of critical occupation n5s = 0.204403e
is denoted by the horizontal line, which corresponds
to critical pressure at which superconducting state is
formed ≈2.95 GPa.

Fig. 3. Left part presents Mulliken occupation of Ba 6p
states vs. Co concentration x for the Ba(Fe1−xCox)2As2
series. Shaded area (SC) represents superconducting re-
gion known from experimental data 0.025 < x < 0.18.
Horizontal line denotes threshold value n6p < 0.14641e
which coincides with the superconducting region. Right
part shows Mulliken occupation of Ba 6p states vs. pres-
sure for the pristine BaFe2As2 compound, where the
same threshold value n6p < 0.14641e is denoted by gray
shaded area. Basing on the Ba 6p occupation supercon-
ductivity should appear at pressure above 0.8 GPa.

Similar calculations performed for the
Ba(Fe1−xCox)2As2 series show that the Ba 6p oc-
cupation also exhibits non-monotonic dependence vs.
Co concentration x (Ba 6p states are not occupied
in a free Ba atom but do exhibit some finite occupa-
tion in a crystal). Figure 3 presents the calculated

Mulliken occupation n6p of the Ba 6p states for the
series Ba(Fe1−xCox)2As2 vs. Co concentration x (left
part), and the calculated Mulliken occupation n6p vs.
external pressure for the pristine BaFe2As2 compound.
The critical occupation n6p < 0.14641 below which
a superconducting state is formed can be related to
concentration range 0.025 < x < 0.18 or pressures above
0.8 GPa. We see that again this numbers agree well
with the experimental reports where superconductivity
was postulated for the 0.025 < x < 0.2 concentration
range [11, 12] or for the pressure above 0.8–1.5 GPa [10].

For both investigated series although the Co doping
increases the valence electron count, it at first reduces
the n5s or n6p occupation and increases the number of
holes. In this way hole doping is accomplished in simi-
lar way like in Ba0.6K0.4Fe2As2 where substitution of Ba
with K takes 0.15–2 electrons from the FeAs unit [20].
The presented values of the critical occupations serve
here only for comparison of the changes with respect to
doping or under pressure, and their absolute values are
here less important. Within the Sr(Fe1−xCox)2As2 and
Ba(Fe1−xCox)2As2 series only the Sr 5s, Sr 5p and Ba
6p were found to exhibit non-monotonic behaviour with
respect to the concentration of dopant.

4. Conclusions

It has been shown that the Mulliken occupations of Sr
5s states for SrFe2As2 and Ba 6p states for BaFe2As2 can
serve as indicator of the superconducting transition, how-
ever, in contrast to the transition from the Kondo insu-
lating to metallic state [16, 17] there is no sign of abrupt
change of the occupation with respect to doping or under
pressure at the border between the superconducting and
the non-superconducting state. Moreover, the magnitude
of occupation changes is also much smaller. The tran-
sition to superconducting state is therefore much more
subtle and the charge reorganization exhibits gradual
changes across the control parameter (pressure or dop-
ing) for the SrFe2As2 and BaFe2As2 compounds. The
charge transfer to the (FeAs)δ− layers which leads to
superconductivity has therefore different symmetry for
the two investigated compounds, for both cases, how-
ever, hole doping within 5s or 6p shell is accomplished.
The estimated pressures at which both systems undergo a
transition to superconducting state agrees well with the
reported experimental data for the experimental struc-
tural parameters. The non-monotonic behaviour of Sr 5s
or Ba 6p occupation vs. doping is, however, not particu-
larly sensitive to the lattice parameters or As position.
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