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Superconductivity in iron-based materials with critical tem-
peratures Tc up to 55 K emerges from layers of edge-sharing
FeX4/4-tetrahedra, where X is either a pnictide or chalcoge-
nide.[1–5] Several structure types that contain superconducting
phases were identified, mostly derivatives of the anti-PbFCl
and ThCr2Si2 type.[6] Some are stoichiometric superconduc-
tors like LaOFeP, LiFeAs, or FeSe,[7–9] but others like
LaOFeAs, BaFe2As2, or NaFeAs are initially antiferromag-
netic metals.[10–13] These so-called parent compounds become
superconductors if the charge of the (FeAs)d� layer is
modified by chemical substitution. The latter is referred to
as electron or hole doping, even though charges are varied up
to � 0.2e�/FeAs, which is two orders of magnitude more than
in semiconductors, where the term doping has its origin.
Keeping this sophistry in mind, we use the term conveniently.

It is accepted that doping of the metallic iron arsenides
sensitively tunes the Fermi surface into a state that favors
superconductivity.[14] Even though the true nature of this state
appears less clear than ever,[15] it is undisputed that the
electronic situation of the undoped iron arsenides LaOFeAs
and BaFe2As2 is unstable owing to Fermi surface nesting.[16]

Hole- and electronlike cylinders are connected in momentum
space by the antiferromagnetic wave vector (p,p).[17] As long
as this nesting is good, the systems undergo structural and
magnetic phase transitions to slightly distorted crystal struc-
tures with antiferromagnetic ordering at low temperatures.
But charge doping shifts the chemical potential away from
good nesting until the phase transitions are finally suppressed.
Experiments[17,18] and theoretical investigations[19, 20] suggest
that strong interband scattering between nearly nested Fermi
surface sheets plays an important role in superconductivity. In
this scenario, the pairing strength (and hence the Tc) depends
on the enhancement of the spin susceptibility at a nearly
nested wave vector.[21]

BaFe2As2 with the tetragonal ThCr2Si2-type structure
turned out to be exceedingly flexible with respect to
substitution. Hole doping was first realized by substitution

of barium with potassium (!Ba1�xKxFe2As2),[3, 22] and elec-
tron doping by exchanging cobalt for iron (!
BaFe2�xCoxAs2).[23] Both phase diagrams are compiled in
Figure 1. With hole doping, the onset of superconductivity is
at about �0.05e�/FeAs, and the highest Tc is 38 K at �0.2 e�/
FeAs, while by electron doping the onset is at + 0.03e� and
the highest Tc is 25 K at + 0.07 e�/FeAs. Furthermore, the
superconducting dome spans 0.45e� by hole doping but only
0.11e� in the case of electron doping.

This asymmetry may indicate that excess positive or
negative charges act differently on the electronic system of
BaFe2As2, but the true relationships are not clear. A DFT
study of the cobalt-doped system suggests that the extra
electron remains located at the cobalt atom, which acts as
scattering center only.[25] Recent photoemission results also
indicate filling of rigid bands by doping.[26] However, the
direct comparison of electron and hole doping is flawed by the
fact that cobalt substitution adds disorder into the FeAs plane
where superconductivity emerges, while the layers remain
clean by hole doping with potassium at the barium site.
Unfortunately, substitutions with electron-poorer 3d metals
(Mn, Cr) do not induce superconductivity.[27] Electron doping
was also achieved in Sr1�xLaxFe2As2, giving critical temper-
atures up to 22 K,[28] but the sample quality still allows no
clear relation between the La concentration and Tc.

To shed more light on the effect of charge modifications in
the (FeAs)d� layers of BaFe2As2, we studied the solid solution
Ba1�xKxFe1.86Co0.14As2. Thus we gradually compensate the
optimal electron doping in BaFe1.86Co0.14As2 by holes created
by additional potassium substitution. The effects on the

Figure 1. Phase diagrams of hole- and electron-doped BaFe2As2. Data
from Refs. [21] and [23]. AFM = antiferromagnetic metal, sc = super-
conducting.
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crystal structure, superconductivity, and magnetism are deter-
mined and discussed herein.

Phase homogeneity and crystal structure parameters were
determined by Rietveld refinements of X-ray powder pat-
terns. A typical example is shown in Figure 2. The structure is

completely described by the lattice parameters and the
z coordinate of arsenic at the 4e site (0,0,z) that determines
the Fe�As bond length (dFe-As) and the As-Fe-As bond angle e

(inset in Figure 2). In Ba1�xKxFe1.86Co0.14As2, the lattice
parameters a and c vary linearly with the potassium concen-
tration, similar to the case for cobalt-free Ba1�xKxFe2As2.

Figure 3 shows the normalized changes of the structure
parameters versus the variation of the electron count De� per
FeAs layer. Lines are fits to the literature data of electron-
doped BaFe2�xCoxAs2

[24] and hole-doped Ba1�xKxFe2As2.
[22]

We find an almost exact coincidence of all parameters in
the hole-doped area. The lattice parameters in the electron-
doped area do not agree with those of BaFe2�xCoxAs2, but
continue increasing (a) and decreasing (c) and rather follow
the lines of the potassium-substituted compounds extrapo-
lated into the electron-doped area. The Fe�As bond lengths
and As-Fe-As bond angles are close to the expected values in
the electron-doped area, but the changes are very small and
the extrapolations from the hole-doped part are also close to
the fits for electron doping. From these data we conclude that
the crystal structure is mainly dominated by the potassium
substitution in terms of atom size requirements. The increased
charge alone cannot recover the crystal structures of electron-
doped BaFe2�xCoxAs2 in Ba1�xKxFe1.86Co0.14As2.

The undoped parent compound BaFe2As2 undergoes a
structural and magnetic phase transition at 140 K.[12] We
checked our samples for the orthorhombic distortion by
structure determinations at low temperatures. The results are
depicted in Figure 4. The transition is absent in
BaFe1.86Co0.14As2 (x = 0), as known from the literature.[23]

When the electron doping becomes gradually compensated

by potassium doping, we again observe the splitting of the
lattice parameters that indicates the structural transition. The
effect becomes stronger and shifts to higher temperatures up
to the nominal potassium concentration of x = 0.2, at which
the electron doping has just been completely compensated.
With further increased hole doping, the distortion becomes
smaller again and is finally absent at x> 0.5. This result
emphasizes the important effect of the charge concentration
on the structural instability, which has its origin in the nested
Fermi surface. As soon as we restore the charge balance, and
thus the nesting condition, the instability returns immediately,
despite the structural disorder induced by the simultaneous
doping at the iron and barium sites.

The recovered structural transition of compound
Ba1�xKxFe0.86Co0.14As2 at x = 0.2 is accompanied by antiferro-
magnetic ordering as known from the parent compound
BaFe2As2.

[12] Figure 5 shows temperature-dependent 57Fe
Mçssbauer spectra of Ba0.8K0.2Fe1.86Co0.14As2. The single
absorption line is subject to magnetic hyperfine field splitting
at low temperatures that proves static magnetic ordering. The
magnetic order parameter (inset in Figure 5) shows the onset

Figure 2. X-ray powder pattern (top, black), Rietveld fit (top, gray) and
difference curve (bottom) of Ba1�xKxFe1.86Co0.14As2 (x = 0.2). Inset:
Crystal structure with Fe�As bond length dFe-As and bond angle e.

Figure 3. Normalized structure parameters (lattice parameters a, c,
Fe�As bond length d, As-Fe-As angle e) of Ba1�xKxFe1.86Co0.14As2 plotted
against the electron transfer per FeAs. Lines are fits to literature data
of BaFe2�xCoxAs2

[24] and Ba1�xKxFe2As2.
[22]

Figure 4. Left: Orthorhombic distortion of Ba1�xKxFe1.86Co0.14As2 at low
temperatures. Right: Temperature dependence of the (110) reflection
in Ba1�xKxFe1.86Co0.14As2 with x = 0.2.
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at about 85 K, close to the splitting of the lattice parameters at
about 92 K (Figure 4). The hyperfine field converges at 3.9 T
at low temperatures, which is smaller than the value of 5.7 T
measured in BaFe2As2.

[12] Since the orthorhombic splitting is
also reduced in comparison to BaFe2As2, the strong correla-
tion between magnetic and structural order parameters
generally observed in the Ba- and Sr-based iron pnictides
with ThCr2Si2 structure is maintained.[29]

Figure 6 shows the resistivity and alternating-current
(AC) volume susceptibility plots. BaFe1.86Co0.14As2 (x = 0) is
superconducting below 25 K, as reported in the literature.[24]

Potassium doping decreases the critical temperature to 23 K
at x = 0.08 until superconductivity is absent in the samples
with x = 0.13 and 0.2, where the excess electrons are
compensated by the holes introduced by potassium substitu-
tion. When the hole doping outweighs electron doping in the
samples with x> 0.25, superconductivity appears again and
reaches the highest Tc of 28.6 K at x = 0.45. Thus the

emergence of superconductivity is controlled by the charge
concentration and shows the same behavior as known from
the only-cobalt- and only-potassium-substituted systems, but
with smaller Tc in the hole-doped domain. Furthermore, the
ordered magnetic moment and the orthorhombicity param-
eter do = (a�b)/(a+b) near the compensated concentration
are smaller than in BaFe2As2. The phase diagram that arises
from our data is presented in Figure 7. We note that the series
Ba1�xKx(Fe1�yCoy)2As2 has been published recently by Suzuki
et al. ,[30] but their diagram has no data points in the range that
is of interest here.

The phase diagram of Ba1�xKxFe1.86Co0.14As2 combines
those of Ba1�xKxFe2As2 (x = 0–1) and BaFe2�xCoxAs2 (x = 0–
0.185) by varying only one parameter. The superconducting
domes (dark blue shaded areas in Figure 7) are similar to
those of the only-cobalt- and only-potassium-doped phases
(light blue), and the areas of the orthorhombically distorted
magnetic parentlike phases (orange and yellow) are also
comparable. The lower phase-transition temperatures and
magnetic moments of the charge-compensated phases around
De�= 0 may be due to the disorder induced by the cobalt
substitution in the iron layer. This disorder could also be the
reason for the lower Tc in the hole-doped area and the earlier
vanishing of superconductivity at �0.38e� .

Our results show that the charge concentration is the
crucial parameter that controls magnetism, lattice distortion,
and the onset of superconductivity in electron- and hole-
doped BaFe2As2. Especially the onset of superconductivity at
the same hole concentration as in the cobalt-free phase
(�0.05 e�) is striking and underlines the impact of the charge.
The crystal structure itself in terms of lattice parameters, Fe�
As bond lengths, and bond angles appear to be less affected
by the charge variation, but rather controlled by atom size
requirements. The latter is most obvious for the c axis, which
shrinks much more strongly with electron doping (De�=

0–0.1) by decreasing the potassium content in
Ba1�xKxFe0.86Co0.14As2 than in BaFe2�xCoxAs2 (Figure 3).

Figure 5. 57Fe Mçssbauer spectra of Ba0.8K0.2Fe1.86Co0.14As2. The inset
shows the temperature dependence of the magnetic hyperfine field.

Figure 6. Normalized electrical resistances (R/R300K) and AC volume
susceptibilities c’v of Ba1�xKxFe1.86Co0.14As2 samples.

Figure 7. Phase diagram of Ba1�xKxFe1.86Co0.14As2 (dark blue/orange)
compared to the phase diagrams of Ba1�xKxFe2As2 and BaFe2�xCoxAs2

(light blue/yellow). Ttr = structural transition temperature.
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Our results are also in good agreement with the photo-
emission data, suggesting a rigid-band-like filling or depleting
of the electronic states near the Fermi level.[26]

Even though the occurrence of superconductivity is
clearly connected to the charge of the (FeAs)d� layer, the
role of the crystal structure should not be underestimated. We
noticed early on that the maximum Tc of 38 K in
Ba1�xKxFe2As2 at x� 0.4 (De���0.2) coincides with an As-
Fe-As bond angle close to the ideal value of 109.478.[22]

Subsequently collected data demonstrated this correlation
for many other iron-based superconductors.[31] Our samples
show the maximum Tc at De�=�0.16 when the angle is
109.58, slightly shifted from the cobalt-free phases that have
the maximum at De�=�0.2 (Figure 7).

In spite of the apparent relation to Tc, the true role of the
bond angle is still unclear. Even its decrease from 111.18 in
BaFe2As2 to 109.58 and lower by hole doping cannot be well
understood from atom sizes alone, because substitution of
alkaline metals for barium always decreases the angle. Even if
barium is replaced by much smaller sodium atoms in
Ba1�xNaxFe2As2,

[32] the c axis increases and the angle becomes
smaller until it reaches 109.58 at x� 0.4, where again Tc is the
highest. This situation indicates that the angle may also be
controlled by the electron count.

In summary, we have shown how the physical properties
of doped BaFe2As2 are predominantly controlled by the
charge of the (FeAs)d� layers. Continuous adjustment from
electron to hole doping in the solid solution
Ba1�xKxFe1.86Co0.14As2 tunes the system from superconductiv-
ity to a magnetic state and back to superconductivity. This
recovery of the magnetic phase similar to that of the parent
compound is unprecedented and emphasizes the role of the
layer charge. Our results suggest that structural parameters
like bond length or angles play a minor role with respect to
the incurrence of superconductivity in electron- or hole-
doped systems but are certainly important to achieve the
highest possible critical temperatures.

Experimental Section
Ba1�xKxFe1.86Co0.14As2 samples were prepared from stoichiometric
mixtures of Ba, K, and Fe0.93Co0.07As in alumina crucibles, sealed in
silica tubes, and heated to 640 8C. The samples were homogenized and
annealed at 710–7908C several times. Resistivities were measured
with cold pressed and annealed (500–6008C) pellets using the four-
probe method. Bulk superconductivity was confirmed by AC
susceptibility measurements. Powder diffraction data were measured
using a Huber G670 diffractometer (Co Ka1 or Cu Ka1 radiation),
equipped with a closed-cycle He cryostat. Rietveld refinements were
performed with the TOPAS package using the fundamental param-
eter approach and an empirical 2q-dependent intensity correction for
Guinier geometry. The Fe:Co ratio was held constant and the Ba:K
ratios were refined. The results agree well with EDX measurements
with potassium content variations by no more than � 4% and
variations of the Co content by no more than � 1%. 57Fe Mçssbauer
spectra of Ba0.8K0.2Fe1.86Co0.14As2 were recorded in transmission
geometry using a 57Co/Rh source. The spectrometer was calibrated
with a 8 mm thin a-Fe foil.
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