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2 Service de Physique de l’État Condensé, Orme des Merisiers, CEA Saclay (CNRS URA 2464),

91191 Gif-sur-Yvette Cedex, France

Received 23 July 2009 / Received in final form 2 November 2009
Published online 4 December 2009 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2009

Abstract. 75As NMR and susceptiblity were measured in a Ba(Fe1−xCox)2As2 single crystal for x = 6%
for various field H values and orientations. The sharpness of the superconducting and magnetic transitions
demonstrates a homogeneity of the Co doping x better than ±0.25%. On the nanometer scale, the
paramagnetic part of the NMR spectra is found very anisotropic and very narrow for H‖ab which allows
to rule out the interpretation of reference [J. Phys. Soc. Jpn 78, 013711 (2009); Phys. Rev. B 79, R
140506 (2009)] in terms of strong Co induced electronic inhomogeneities. We propose that a distribution
of hyperfine couplings and chemical shifts due to the Co effect on its nearest As explains the observed
linewidths and relaxations. All these measurements show that Co substitution induces a very homogeneous
electronic doping in BaFe2As2, from nano to micrometer lengthscales, on the contrary to the K doping.

PACS. 74.70.-b Superconducting materials – 74.62.Dh Effects of crystal defects, doping and
substitution – 76.60.-k Nuclear magnetic resonance and relaxation – 74.70.Dd Ternary, quaternary, and
multinary compounds

1 Introduction

Iron-based Pnictides display fascinating properties. Not
only they show high temperature superconductivity, but
they also have a very original phase diagram [1]. At zero
doping, the Fe layers are semi-metals, with a commen-
surate spin density wave magnetic order. Upon carrier
doping, the magnetism becomes incommensurate and is
strongly reduced in amplitude. At high enough hole or
electron doping, it turns into a superconductor with TC

as high as 56 K, whose origin is not yet settled. True
atomic scale coexistence between the magnetic and super-
conducting phases may even occur at intermediate doping
range [2]. Hole or electron doping is achieved either by
changing the composition of the intermediate layers (such
as fluor at oxygen site in the LaOFeAs family, or K at
Ba site in BaFe2As2 family), or by substitution at Fe site
itself, for example by Co in BaFe2As2 [3]. Eventhough
all families display similar phase diagrams, many of their
properties strongly differ such as the value of TC , the evo-
lution of the magnetism versus doping, or even perhaps
the symmetry of the order parameter [4]. It is thus essen-
tial to understand the actual role of the dopant on the
physics of the Fe layers.
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In this scope, one may expect that dopants not only
change the carrier doping or the band structure, but could
also affect the homogeneity of the Fe layer electronic
state. Such situation has been widely discussed in high
TC cuprate superconductors, where dopant induced dis-
order is advocated to explain many of the differences ob-
served among cuprate families [5,6]. In Ba(Fe1−xCox)2As2
pnictides, recent NMR [7] and tunneling [8] studies have
argued that electronic properties are inhomogeneous on
nanometer scale, possibly due to Co local effects. Inho-
mogeneity level was estimated from the NMR lineshape
analysis to be so high that a Co x = 4% sample would
contain a sizeable amount of x = 8% patches. If this were
to be true, it would inturn have deep consequences on
many properties of these componds, which should then be
considered highly inhomogeneous. Situation seems even
more inhomogeneous in (Ba1−xKx)Fe2As2 [9,10]. In the
case of Ba(Fe1−xCox)2As2, it is surprising that such inho-
mogeneities do not reflect in macroscopic properties, such
as the superconducting phase transitions or the Hall num-
ber change at the spin density wave transition which are
both found very sharp [11].

In this study, we show for Ba(Fe1−xCox)2As2 that
a carefull analysis of the magnetic and superconduct-
ing transitions together with 75As NMR lineshape ver-
sus orientation of the applied field all demonstrate
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Fig. 1. (Color online) Phase diagram of Ba(Fe1−xCox)2As2
from reference [11] together with the three modeled Gaussian
doping distributions of FWHM 0.25%, 0.5% and 1% (blue, red
and green respectively) (b) simulated superconducting transi-
tion for the three distributions (solid curves with the same color
code), and experimental data (white circles) for the x = 6%
sample (c) simulated magnetic transitions (solid curves) and
experimental data (white circles) for x = 6% and x = 2%

unambiguously that these componds are in fact much
more homogeneous than previously argued. We propose
that all NMR data including those of reference [7] can be
accounted for by an anisotropic hyperfine coupling and/or
chemical shift distribution due to Co local effect, but this
has no impact on the electronic state of the Fe layers.

2 Experimental

Single crystals synthesis and characterization details are
reported in [11] together with transport measurements
which allowed to establish the phase diagram of Figure 1a
which fits well other studies [3]. Most of this study was
done on the sample studied in [2] at Co doping x = 6%,
which displays both superconductivity below TC = 21 K
and frozen magnetism below TN = 31 K on local scale.
The sample consists of a few single crystals aligned in
a magnetic field in stycast epoxy along their c cristallo-
graphic axis, to get a better signal over noise ratio. This
alignement was possible because the orbital component of
the total susceptibility is anisotropic. We checked that one
single crystal gives the exact same linewidth and spectral

Fig. 2. (Color online) Central line of the 75As NMR spectrum
in Ba(Fe94%Co6%)2As2 at T = 90 K for field H‖c and H‖ab
with H = 7.5 T. Respective paramagnetic (red) and quadrupo-
lar (black) contributions deduced from the field dependence are
found very anisotropic.

shape than the sample of aligned crystals, both in per-
pendicular and parallel direction with the applied field.
Orientation of the sample was performed in-situ taking
advantage of the high sensitivity of the NMR line position
upon the field orientation.

75As NMR was performed in a fixed applied mag-
netic field ranging from 3 to 7.5 T, using standard pulse
echo sequences and Fourier Transform recombinations.
Short enough delays between pulses (ranging from 10 to
50 μs) were used to avoid any effect of the transverse
T2 relaxation. Longitudinal T1 relaxation measurements
were recorded after a saturation of the signal using a
π/2 pulse. Macroscopic susceptibility was measured in a
MPMS-SQUID magnetometer in a zero-field cooled pro-
cedure, taking into account the demagnetizing factors as-
sociated with its thin and rectangular shape [2].

3 Mesoscopic homogeneity

Both the superconducting and magnetic phase transitions
widths allow to constrain the doping distribution in our
sample. These transitions are indeed broadened by any
inhomogeneous Co doping if it occurs on a lengthscale
large enough for the transition temperature to be defined.
This kind of inhomogeneity will thus be referred as “meso-
scopic inhomogeneity” i.e. on lengthscales larger than a
few nanometers. The superconducting transition is moni-
tored by the Meissner effect measured by the magnetiza-
tion decrease below TC (Fig. 1b). The magnetic transition
is monitored by the intensity wipeout of the NMR central
line (Fig. 1c). Below TN , the spectrum strongly broadens
as shown in [2]; the total intensity does not change, but the
intensity measured only over a central narrow frequency
range decreases sharply at TN . But due to technical rea-
sons, this T-dependence of the central line intensity is a
more accurate criterium of the magnetic transition than
that of the full width of the spectrum.
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In the case of such a doping distribution P (x), we can
deduce its effect on both transitions and comparison with
experiment will give a typical doping distribution upper
bound. To get such estimate, we use a simple model where
the proportion P (x) of the sample at an effective Co dop-
ing x becomes superconducting and perfectly diamagnetic
below TC(x) and magnetically ordered below TN(x). This
should result in a decrease of the total macroscopic sus-
ceptibility at T < TC(x) proportional to P (x) and a drop
of the NMR intensity at T < TN (x) also proportional
to P (x). Indeed, when the Fe moments freeze below TN ,
the NMR intensity of the central line is observed to wipe-
out [10] because of large broadening and relaxation effects.

We consider for P (x) three Gaussian doping distri-
butions centered at x = 6% of full widths at half max-
imum (FWHM) 0.25%, 0.5%, and 1% as displayed in
Figure 1a. Using TN(x) and TC(x) of Figure 1a we can
deduce the corresponding expected superconducting and
magnetic phase transitions for each distribution as plotted
in Figures 1b and 1c respectively. These simulations are
compared to the experiment on our x = 6% sample. The
experimental superconducting transition width is compat-
ible with a distribution of doping with FWHM between
0.5% and 1%.

However, this is only an upper bond since other ef-
fects can broaden the superconducting transition, such
as non perfect screening when London depth is compa-
rabable to the size of the samples, which may occur close
to TC [12].Using a similar analysis, the magnetic transi-
tion is well described with a distribution of FWHM be-
tween 0.25% and 0.5%, which is compatible with the up-
per bound given by the susceptibility. These estimates of
the mesoscopic doping distribution made free of any ad-
justable parameter are remarquably low : at x = 6%, the
true doping is ranging only from typically 5.8% to 6.2%
and Co doping can then be considered highly homoge-
neous, at least in regards to the bulk properties. We also
report the NMR intensity data for a x = 2% sample which
magnetically orders at TN = 106 K. Hereagain, the sharp-
ness of the transition points toward a very homogeneous
doping distribution of maximum FWHM 0.25%.

We stress that this analysis does not state that the
shapes of the transitions are only accounted for by Co
doping distribution. But if even a low doping distribution
is to occur at mesoscopic scale, it should lead to much
broader transitions than the one observed experimentally.

4 Nanoscopic homogeneity

4.1 The 75As NMR lineshape

The analysis of the bulk transitions does not allow to ex-
clude electronic inhomogeneities if they vary on very short
distances. Indeed, a variation of the doping content at
the nanometer scale could be averaged out and result in
sharp superconducting and magnetic transitions but still
affect locally the electronic properties such as local sus-
ceptibility. 75As NMR is well suited to address this possi-
ble “patchy” situation, since each 75As nucleus is coupled

mostly only to its four near neighbour Fe through short
range hyperfine couplings. Any variation of the electronic
properties even on nanometer range will result in a dis-
tribution of the 75As NMR spectrum and dynamics. For
example, in the case of high Tc cuprates, 63Cu Nuclear
Quadrupole Resonance allowed to show the existence of
large inhomogeneities in La2−xSrxCuO4 [13] while 17O
and 89Y NMR allowed to demonstrate high homogeneity
in the case of YBa2Cu3O6+y [14].

The central line of the NMR spectrum for the x = 6%
sample is plotted in Figure 2 for two fields orientations
(H0‖c axis and H0‖ab) at T = 90 K. Due to the ax-
ial symmetry of the paramagnetic phase, the quadrupolar
parameters along a and b are equal, and the quadrupolar
asymmetry is η = 0. The 75As NMR frequency of the cen-
tral line can then be written for an angle θ between the
applied field H0 and c axis :

ν(θ) = γH0 + γH0(Kab sin2 θ + Kc cos2 θ)

− ν2
Qc

2γH0

[
−27

8
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where γ is the 75As gyromagnetic ratio and νQc is the c
axis quadrupolar frequency.

The paramagnetic shifts K are proportional to the lo-
cal electronic susceptibility through:

K = Kspin + Kchem = Ahfχspin/μB + Kchem

where Ahf are the spin hyperfine couplings between 75As
nucleus and Fe electrons and Kchem is the sum of all or-
bital contributions, both from valence and inner shell elec-
trons. In the c and ab directions of H0, ν(θ) simplifies to:

ν(H‖c) = γH0(1 + Kc)

ν(H‖ab) = γH0(1 + Kab) +
3
16

ν2
Qc

γH0
.

Both the paramagnetic and quadrupolar shifts may con-
tribute to the width Δν of the NMR line if they are dis-
tributed for any reason. We note hereafter these paramag-
netic and quadrupolar contributions ΔM and ΔQ. These
can be determined using their different field H0 depen-
dences, as ΔM ∝ H0 while ΔQ ∝ 1/H0. If the two effects
simply convolute, we get :

H0Δν = H0(ΔQ + ΔM) = a + bH2
0

where ΔQ = a/H0 and ΔM = bH0. In Figure 3, H0Δν
plotted for each field orientation is indeed found to be
linear in H2

0 , which confirms the validity of the above de-
scription. We deduce from linear fits that at H0 = 7.5 T
and T = 90 K:

ΔM‖c = 19.1 ± 2 kHz and ΔQ‖c = 1.7 ± 1 kHz

ΔM‖ab = 6 ± 1 kHz and ΔQ‖ab = 9 ± 1 kHz

These contributions are represented by red (paramag-
netic) and black (quadrupolar) bars at half maximum on
the spectra in Figure 2 (no account should be given to
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Fig. 3. (Color online) field dependence of H0Δν (where Δν is
the width of the NMR central line) at T = 50 K for the two field
orientations in Ba(Fe94%Co6%)2As2. The slope, proportional to
the paramagnetic contribution, is smaller along ab than along c.

the location of the horizontal bars over the spectrum: the
two broadenings are mixed within the line and convolute
each other). At H0 = 7.5 T, the broadening of the NMR
line along c axis is almost fully paramagnetic, whereas it is
more quadrupolar along ab. This is due to the fact that no
quadrupolar shift is expected in ν(H‖c) while both effects
contribute to ν(H‖ab).

The paramagnetic broadening ΔM‖c = 19.1 kHz of
the NMR line along c axis is similar to that measured
by Ning et al. [7]. In reference [7], the authors inter-
preted this broadening to be due to the spatial distribu-
tion of the electronic spin susceptibility originating from
nanoscale electronic inhomogeneities induced by Co dop-
ing. If this was to be true, a very similar paramagnetic
broadening should be observed for H‖ab. On the contrary,
our present results clearly demonstrate that the broadening
along ab is much smaller [17]. This argument can be made
more quantitative. The spin susceptibility χspin is almost
isotropic in Ba(Co1−xFex)As2 [15] so any doping distribu-
tion should distribute χspin similarly for H‖c and H‖ab.
The spin hyperfine coupling anisotropy is Ac

hf/Aab
hf ≈ 0.7

at x = 0 [16] and not expected to be much doping de-
pendent at small Co dopings. Along the proposal of refer-
ence [7], we thus expect the paramagnetic width for H‖ab
to be about 27 kHz, i.e. about 4 times larger than our
experimental determination of the paramagnetic contri-
bution. We therefore conclude that the present data rules
out any large doping distribution, on the contrary to Ning’s
conclusions.

4.2 The 75As NMR relaxation rate 1/T1

Relaxation measurements were also argued to demon-
strate a large doping distribution because the longitudinal
relaxation rate 1/T1 was found to vary by about 30% along
the NMR spectrum [7,10]. Our own measurement of 1/T1

at various positions of our spectra (Fig. 4) shows a simi-
lar but slightly smaller distribution (of about 20%). Such

Fig. 4. (Color online) frequency dependence of the inverse of
the spin lattice relaxation time 1/T1 over the NMR line for
the two field orientations at T = 50 K and H = 7.5 T in
Ba(Fe94%Co6%)2As2.

small distribution can originate from various mixed effects
detailed hereafter. But the fact that we observe a similar
and even larger distribution for 1/T1 for H‖ab while para-
magnetic broadening is much smaller here again shows
that this distribution does not necessarily comes from a
doping distribution.

4.3 Possible sources of NMR broadenings

Let us stress again our two main results: the paramag-
netic NMR broadening is very anisotropic (about 3 times
smaller along ab than along c) and its magnitude along ab
is very small, since the paramagnetic width of the NMR
line ΔM‖ab is more than 20 times smaller than its shift.
One source of broadening which could explain these find-
ings is a distribution of the hyperfine coupling itself, while
its average value would remain constant. Any Co substi-
tuted at Fe site is likely to modify the orbital environment
of its near and next nearest neighbour As atoms, hence
their hyperfine couplings Ahf . The first neighbors might
not be detected here because they are too shifted, as ob-
served in the strongly overdoped composition [22]. But
a smaller effect on further neighbors could be expected.
This would result in a distribution of the NMR frequency
with the same type of paramagnetic broadening as that of
an electronic doping distribution. It could also explain the
variations of 1/T1 since 1/T1 ∝ A2

hf . Furthermore, it leads
to a broadening which increases with Co content, as also
observed in [7] In order to explain the observed anisotropy
of ΔM , the effect of Co on hyperfine paths could be more
effective along c axis than along ab axis. But an accurate
theoretical description of the orbitals involved and how
they could be affected by Co–Fe substitution is needed
to elaborate more from present data. In the same man-
ner, Co doping could also affect the chemical-orbital shift
Kchem of 75As, here again leading to an additional broad-
ening. This effect could be sizeable here since Kchem is
anomalously large (of the order of 0.2%).
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Another source of broadening could be due to
RKKY-like effects around each Co. Indeed, in metals or
correlated systems, atomic substitution is known to in-
duce RKKY-like decaying alternated oscillations of the
local paramagnetic susceptibility in its viscinity [18]. Such
oscillations of χspin lead to a broadening of the NMR
line following a 1/T Curie-like dependence. This behav-
ior has been observed in the presence of Sn impurities in
Ba1−xKxFe2As2 crystals [19]. In our case, a similar but
much smaller 1/T contribution to the linewidth is also
observed which suggests a small impurity contribution.
However, this effect should not display sizeable anisotropy
since electronic susceptibility is isotropic here. Testing
how the anisotropies and linewidths evolves with Co dop-
ing and among other pnictides family should help under-
stand the respective importance of these various sources
of broadenings.

5 Discussion and conclusion

In our x = 6% sample, the quantitative analysis of
the bulk superconducting and magnetic transitions shows
that the actual doping distribution is smaller than about
±0.25% on mesoscopic scale. This ensures that the nomi-
nal Cobalt contents used in the phase diagrams reported
so far can be trusted. On a nanoscopic scale, our NMR
study of the field-dependence further demonstrates the
absence of any large nanoscale inhomogeneity of the elec-
tronic properties. This seems to contradict Scanning Tun-
nelling Microscopy measurements which showed that the
superconducting gap magnitude varies by about ±20% on
the surface of superconducting x = 7% and 10% sam-
ples [8]. This would correspond to much larger doping
distributions than found in our study. However the su-
perconducting gap is known to be very sensitive to any
source of disorder [5]. The Co–Fe substitution could then
partly act as a local impurity-like disorder as suggested
by the RKKY discussion of the NMR data, which would
account for the STM results with no need for doping inho-
mogeneity to occur. We also stress that these are surface
measurements, while all NMR or macroscopic susceptibil-
ity measure the volume of the samples.

Our results are to be contrasted with the K-doped
BaFe2As2 where NMR and μSR measurements demon-
strate a more inhomogeneous situation [9,10,20,21]. The
magnetic transition monitored by NMR is much wider,
and in the intermediate regime, the K-doped compound
is even found to segregate on mesoscopic scale between
superconducting and magnetic domains. Furthermore, the
NMR width is found not only much larger but also more
dependent on temperature in K-doped than in Co-doped
sample [10]. The observed 1/T type of dependence could
signal that the disorder induced RKKY-like effects are
more pronounced for K than for Co. This is very sur-
prising since one would expect in-plane Co substitution
to have more detrimental impurity-like effects than out-of
plane K defects, as in high TC cuprates. However, here,
the more metallic nature of the Fe planes and the smaller
electron correlations may make Fe-pnictides less sensitive

to in-plane substitutions than high TC cuprates. In con-
trast, non isovalent K substitution at Ba site could locally
distort the crystal structure and modify the distances and
angles between As and Fe orbitals, which are known to be
decisive in the physics of the pnictides.

Understanding how these various types of dopants af-
fect the local and macroscopic properties of the pnictides
will be a key ingredient in the understanding of the pnic-
tides and their phase diagram, especially when comparing
the various families.

Note added in proof. After the completion of this
manuscript, we became aware of a new study by Ning
et al. [22] on a highly overdoped Ba(Fe74%Co26%)2As2
which shows that the NMR shift K on 75As near neighbors
of Co is the same as that far from Co. This corroborates
our picture of a homogeneous electronic susceptibility in
the Fe layers.

We acknowledge for very fruitfull discussions H. Alloul, F. Bert,
F. Bouquet, V. Brouet, Y. Ihara, M.H. Julien, G. Lang, H.
Luetkens, and P. Mendels.
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