
HAL Id: hal-00483222
https://hal.science/hal-00483222v1

Submitted on 12 May 2010 (v1), last revised 23 Dec 2010 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Quasiparticle Scattering Induced by Charge Doping of
Iron-Pnictide Superconductors Probed by Collective

Vortex Pinning
Cornelis Jacominus van Der Beek, Marcin Konczykowski, Shigeru Kasahara,

Takahito Terashima, Ryuji Okazaki, Takasada Shibauchi, Yuji Matsuda

To cite this version:
Cornelis Jacominus van Der Beek, Marcin Konczykowski, Shigeru Kasahara, Takahito Terashima,
Ryuji Okazaki, et al.. Quasiparticle Scattering Induced by Charge Doping of Iron-Pnictide Super-
conductors Probed by Collective Vortex Pinning. Physical Review Letters, 2010, 105, pp.267002.
�10.1103/PhysRevLett.105.267002�. �hal-00483222v1�

https://hal.science/hal-00483222v1
https://hal.archives-ouvertes.fr


Charge doping-induced quasiparticle scattering in iron-pnictide superconductors as

probed by vortex pinning

Cornelis J. van der Beek1, Marcin Konczykowski1, Shigeru Kasahara2,

Takahito Terashima2, Ryuji Okazaki3, Takasada Shibauchi3, Yuji Matsuda3
1Laboratoire des Solides Irradiés, CNRS UMR 7642 & CEA-DSM-IRAMIS,Ecole Polytechnique, 91128 Palaiseau, France

2Research Center for Low Temperature and Materials Sciences,Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan
3Department of Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

(Dated: May 17, 2010)

Charge doping of iron-pnictide superconductors leads to collective pinning of flux vortices, whereas
isovalent doping does not. Moreover, flux pinning in the charge-doped compounds is consistently
described by the mean-free path fluctuations introduced by the dopant atoms, allowing for the
extraction of the elastic quasiparticle scattering rate. The absence of scattering by dopant atoms
in isovalently doped BaFe2(As1−xPx)2 is consistent with the observation of a linear temperature
dependence of the low-temperature penetration depth in this material.

PACS numbers: 74.25.Sv;74.25.Wx;74.62.Dh;74.62.En;74.70.Xa

The suggestion of exotic multi-band superconductiv-
ity in the iron-pnictide superconductors [1–3], has raised
questions as to the relevance of pair-breaking by atomic-
scale disorder in these materials [4–13]. In particular, the
proposed fully-gapped s± state, characterized by a sign-
reversal of the order parameter phase on different Fermi
surface sheets, should be strongly affected by weak in-
terband scattering [5–7, 13]. A number of authors argue
that, in the case of the fully gapped s±-state, a moder-
ate impurity density leads to the appearance of gapless
superconductivity [8, 13], a situation that may explain
the temperature dependence [5] of the ab-plane penetra-
tion depth observed in Ref. [9]. In the case of nodal s±
superconductivity [2, 3], the presence of disorder would
be responsible for the lifting of nodes [7]. This scenario
is possibly relevant for the observation of fully gapped
superconductivity in (Ba,K)Fe2As2 [14]. Alternatively,
the latter experimental result could be the hallmark of
emerging competing s++ superconductivity [8], or of s±
superconductivity with strong pair-breaking [5, 13]. Fi-
nally, the observation of gap nodes in LaFePO [15–17]
and BaFe2(As1−xPx)2 [18–20] could either be the mani-
festation of a nodal s± state, or the result of weak pair-
breaking disorder [8]. In order to settle these controver-
sies, it is necessary to characterize the scattering rates of
impurities and other types of disorder in these materials
by an independent means.

Here, we argue that pinning of the vortex lattice, sen-
sitive not only to extrinsic but also to intrinsic disorder
in superconductors, can be used as a probe for the mi-
croscopic quasi-particle scattering mechanism. In par-
ticular, in electron-doped PrFeAsO1−y, NdFeAsO1−xFx,
and Ba(Fe1−xCox)2As2, the critical current density jc is
consistently described in terms of collective pinning me-
diated by spatial fluctuations of the quasi-particle mean
free path [21, 22]. The density of point pins responsi-
ble for pinning closely corresponds to the dopant atom

concentration. On the other hand, isovalently doped
BaFe2(As1−xPx)2 is characterized by a very small jc as a
result of negligible vortex pinning by atomic-scale point
defects. From this, we conclude that charged point de-
fects are responsible for quasiparticle scattering and col-
lective pinning, but neutral atomic-scale point defects are
not. Analysis of the critical current allows for the esti-
mate of the scattering cross-section and scattering phase
angle δ0 of the defects, which turns out to be best de-
scribed by the Born limit. Hence, the absence of quasi-
particle scattering in the BaFe2(As1−xPx)2 material al-
lows for superconductivity characterized by a gap with
line nodes to survive, whereas, in charge-doped iron pnic-
tides, gap nodes may be lifted [7], or putative s± super-
conductivity compromised [8].

Critical current densities of single crystalline
PrFeAsO1−y (with y ∼ 0.1, Tc ∼ 35 K) [23–26],
NdFeAsO0.9F0.1 (Tc ∼ 36 K) [26–29], Ba0.45K0.55Fe2As2
(Tc ∼ 34 K) [14, 24], and BaFe2(As0.67P0.33)2 (Tc = 29
K) [18, 19] were obtained from local measurements of
the magnetic flux density perpendicular to the crystal
surface, B⊥, and the flux density gradient dB⊥/dx.
Previous work has shown the critical current of su-
perconducting iron pnictide crystals to be spatially
inhomogeneous [26]. While a global measurement of
the average flux density over the crystal surface, or
of the magnetic moment of the entire crystal, may
result in a spurious temperature dependence jc(T ), local
measurements do not have this shortcoming. Local
jc values in applied fields up to 50 mT were obtained
from magneto-optical imaging (MOI) of the flux density
[26, 30]. Measurements in fields up to 2 T were per-
formed using micron-sized Hall probe arrays, tailored
in a pseudomorphic GaAlAs/GaAs heterostructure [25].
The 10 Hall sensors of the array had an active area
of 3 × 3 µm2, while an 11th sensor was used for the
measurement of the applied field.
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FIG. 1: (Color online) Normalized hysteresis loops of
the local “self–field”, measured on the top surfaces
of PrFeAsO1−y , NdFeAsO0.9F0.1, Ba0.45K0.55Fe2As2, and
BaFe2(As0.67P0.33)2 single crystals, at reduced temperature
T/Tc = 0.2. Arrows indicate the direction in which the cycles
are traversed.

Figure 1 shows hysteresis cycles of the local “self–field”
Bs ≡ B⊥ − µ0Ha (where µ0 ≡ 4π × 10−7 Hm−1) versus
Ha for a variety of iron pnictide superconductors, at the
same reduced temperature t ≡ T/Tc = 0.2. A salient
feature of the hysteresis loops is the presence of a pro-
nounced peak at small field. In the REFeAsO (1111) fam-
ily of iron pnictide superconductors (where RE stands for
a rare earth ion) [26], as in the Ba(Fe1−xCox)2As2 [31–
33] and Ba1−xKxFe2As2 [34] “122” superconductors, this
peak is superposed on a field-independent contribution.
At higher fields, the hysteresis loop width in these com-
pounds increases again, at a field Hon, the result of a
structural change of the vortex ensemble [26]. On the
contrary, in isovalently doped BaFe2(As0.67P0.33)2, the
hysteresis loop width shows a monotonous decrease.

Figure 2 shows the critical current density of five iron-
pnictide compounds. For the four compounds measured
in the present study, jc = 2µ−1

0 dB⊥/dx is extracted using
the Bean model, [36], while data for Ba(Fe0.9Co0.1)2As2
and Ba0.6K0.4Fe2As2 are taken from Refs. [32] and [34],
respectively. In what follows, we describe jc as the su-
perposition of two contributions, jcollc and jsc (B), with
the former accounting for the constant hysteresis width
at higher fields. It is seen that for all materials, the low-
field peak in Bs(Ha) amounts to a plateau in jc(B),

jc(0) = jcollc + jsc (0), (1)

followed by a power-law decrease, such that

jc(B) = jcollc + jsc (B) ∼ jcollc +AB−β
⊥

(2)
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FIG. 2: (Color online) Critical current density as function of
magnetic flux density for PrFeAsO1−y (2), NdFeAsO0.9F0.1

(◦), Ba(Fe0.9Co0.1)2As2 (△) [32], Ba1−xKxFe2As2 (⋄), and
isovalently doped BaFe2(As0.67P0.33)2 single crystals, at re-
duced temperature t = 0.21. Drawn lines indicates the power-
law dependence of the strong pinning contribution to the crit-
ical current density at intermediate fields.

with 0.5 < β < 0.63. The behavior of jsc is precisely
that expected for vortex pinning by sparse pointlike de-
fects of radius larger than the coherence length ξ, which
are inevitably present in any real, imperfect crystal [37–
39]. An analysis of data on the (1111) iron pnictides
has shown that spatial variations of the average dopant
atom density on a (large) scale of several dozen nm, lead-
ing to concomittant modulations of Tc, account for the
measured magnitude and temperature dependence of jsc
[26]. Fig. 3a shows that a similar vortex pinning mech-
anism is certainly relevant in the “122” family of com-
pounds. In all investigated crystals, jsc depends on the
spatial location at which it is measured, but the field–
independent jcollc is rather homogeneous and will be at-
tributed to atomic scale fluctuations of the dopant atom
positions (collective pinning) [21].

The different field dependence of the two critical cur-
rent contributions (Fig. 2) allows one to extract both
as function of temperature. Figure 3a shows the T –
dependence of jc(0) = jcollc + jsc (0), while the lower
panel (b) shows only the field-independent contribu-
tion jcollc . This is found to be non-zero in the charge-
doped iron pnictides PrFeAsO1−y, NdFeAsO1−xFx,
Ba1−xKxFe2As2, and Ba(Fe0.9Co0.1)2As2, but is conspic-
uously absent in isovalently doped BaFe2(As0.67P0.33)2,
see Fig. 3c. This means that charged dopant atoms (or
vacancies, in the case of PrFeAsO1−y) lead to collective
pinning of vortices, but uncharged dopant atoms do not.

In order to quantitatively describe jcollc , we treat the
dopant atoms as point defects responsible for quasi-
particle scattering. The elementary pinning force of such
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defects can be written

fp ∼ 0.3g(ρD)ε0
(

σtr/πξ
2
)

(ξ0/ξ) , (3)

where σtr = (2π/k2F ) sin
2 δ0 = πD2

v is the transport scat-
tering cross-section, kF is the Fermi wavevector, Dv is
the effective range of the potential, and g(ρD) is the
Gor’kov function [21, 22, 40]. The disorder parameter
ρD = h̄vF /2πTcl ∼ ξ0/l, with vF the Fermi velocity,
l = (ndσtr)

−1 the quasi-particle mean free path, and
ξ0 ≈ 1.35ξ(0) the (temperature-independent) Bardeen-
Cooper-Schrieffer coherence length [21, 22, 40]. The crit-
ical current arises from the local density fluctuations of
the defects, and is therefore determined by the second
moment of the elementary pinning force, 〈f2

p 〉. Applying
the theory of collective pinning [21, 40], it reads [26]

jcollc ≈ j0

[

0.1ndD
4
v

ελξ

(

ξ0
ξ

)2
]2/3

∝
[

λ(0)

λ(T )

]2 (

1− T

Tc

)α

,

(4)
where j0 ≡ Φ0/

√
3πµ0λ

2
abξ is the depairing current den-

sity, and ελ ≡ λab/λc the penetration depth anisotropy.
Eq. 4 does not depend on the symmetry of the supercon-
ducting ground state. However, the exponent α ∼ 2 does
depend on the different weight that distinct Fermi surface
sheets have in contributing to superconductivity in differ-
ent compounds. Here it is treated as a phenomenological
parameter, obtained from the ratio of ab-plane and c-axis
penetration depths in the different compounds [25, 28],
while λ(0)/λ(T ) was published in Refs. [25, 28] and [24].
Figure 3b shows that the temperature dependence of

jcollc is very well described by Eq. (4). In PrFeAsO1−y,
its magnitude is accurately reproduced by inserting the
oxygen ion radius Dv = 1.46 × 10−10 m and the defect
density nd ≈ 1.5×1027 m−3. This corresponds to the oxy-
gen vacancy concentration at our doping level, y ∼ 0.1.
Thus, the collective pinning contribution to the critical
current density of the PrFeAsO1−y compound is well de-
scribed by the quasi-particle mean-free path fluctuation
mechanism of Refs. [21, 22]. The same holds true for
NdFeAsO1−xFx and Ba(Fe0.9Co0.1)2As2. If one takes
defect densities corresponding to the dopant atom con-
centration, nd ∼ 1.5 × 1027, ∼ 1 × 1027, and 4 × 1027

m−3 respectively, very satisfactory fits to jcollc (T ) can be

Compound kF (Å−1) ξ0 ( nm ) nd ( nm−3) σtr ( m2 ) Dv (Å) ndD
3

v ndξ
3

0 sin δ0 Γ ( meV ) l ( nm )
PrFeAsO1−y 0.33 2.4 1.5 6.7× 10−20 1.46 5× 10−3 21 0.3(2) 10 10
NdFeAsO0.9F0.1 0.33 3.3 1.5 2.5× 10−20 0.9 1× 10−3 54 0.2 4 25
Ba(Fe0.9Co0.1)2As2 0.25 1.6 2 2.5× 10−20 0.9 1.5× 10−3 8 0.17 5 20
Ba0.72K0.28Fe2As2 [35] 0.4 2.4 2.8 1.5× 10−20 0.7 1× 10−3 38 0.1(4) 3 23
Ba0.6K0.4Fe2As2 [34] 0.5 2.2 4 2.5± 1.3× 10−20 0.8± 0.2 2× 10−3 43 0.2 8 10
Ba0.45K0.55Fe2As2 0.5 2.2 5.5 1.5× 10−20 0.7 2× 10−3 59 0.2 10 12
BaFe2(As0.67P0.33)2 0.3 [20] 1.6 3.3 < 1.5× 10−22 < 0.1 < 1× 10−6 14 – – –

TABLE I: Fundamental parameters and contribution of dopant disorder to the elastic scattering parameters of various
iron pnictide superconductors, as deduced from the collective pinning part of the critical current density, jcollc .
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FIG. 3: (Color online) (a) Zero field jc of PrFeAsO1−y ,
NdFeAsO0.9F0.1, Ba1−xKxFe2As2, Ba(Fe0.9Co0.1)2As2 [32],
and three different BaFe2(As0.67P0.33)2 single crystals.
Drawn lines indicate fits to Eq. (1), with jsc (0) taken from
Ref. [26] [jcollc = 0 for BaFe2(As0.67P0.33)2]. (b) Collective
pinning contribution jcollc in the charge-doped compounds.
Drawn lines are fits to Eq. (4). (c) The low-T value of jcollc

as function of the number of dopant charges per unit cell.

obtained using the scattering cross-sections of Table I.
As far as Ba1−xKxFe2As2 is concerned, jsc exceeds jcollc

by more than an order of magnitude, which prohibits a
reliable determination of the latter at high temperature.
Therefore, we only consider the low-T magnitude of jcollc

for this compound. The dopant atom densities lead to
values ndξ

3
0 that are largely in excess of unity, justifying
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the collective pinning approach [21], and ndD
3
v ≪ 1,

which means that background scattering is irrelevant –
each defect can be considered independent [22]. More-
over, an estimate of the Thomas-Fermi screening length,
∼ 1 nm, shows that charged defects are badly screened,
so that Coulomb scattering is indeed important.

The obtained parameters mean that quasi-particle
scattering by charged impurities in the iron-pnictide su-
perconductors is to be situated rather in the Born limit
(sin δ0 ≪ 1). Such weakly scattering defects are thought
to be detrimental to s± superconductivity [6, 7, 13]. A
crude estimate of the pair-breaking effect the dopant
atoms would have can be made using the quasi-particle
scattering rates Γ ∼ nd[πNn(0)]

−1 sin2 δ0 (with Nn(0) =
mkF /π

2h̄2 the density of states and m the electronic
mass) that can be extracted from experiment (see Ta-
ble I). These turn out to be of the order Γ ∼ 1.7Tc

for NdFeAsO0.9F0.1 and Ba0.78K0.22Fe2As2, and Γ ∼
4Tc for the other charge-doped compounds. When in-
serted in the Abrikosov-Gor’kov relation, ln(Tc/Tc0) =
Ψ(1

2
)−Ψ(1

2
+Γ/2πkBTc) (with Ψ the digamma function)

[6, 7, 13, 41], this implies that, for s±–superconductivity,
the Tc’s of the charge-doped pnictides under investiga-
tion would be reduced by a factor 2-5 from a hypothetical
Tc0 in the absence of disorder. Moreover, superconduc-
tivity would be expected to become gapless at impurity
densities much less than the actual dopant concentration
[13]. Within the hypothesis of nodal extended s-wave su-
perconductivity [7], the obtained scattering rates imply
a Tc/Tc0 ∼ 0.5 − 0.7. Finally, for fully gapped, non-sign
changing multiband s-wave superconductivity (s++), the
weakly scattering dopant atoms or vacancies are not pair-
breaking, and their effect would be the averaging of the
gap components on different Fermi surface sheets.

A clearly different situation occurs in the isovalently
doped BaFe2(As0.67P0.33)2 material, which is apparently
characterized by the absence of quasi-particle scatter-
ing. Isoelectronic dopant disorder is therefore benign to
superconductivity with order parameter nodes, as this
was observed by penetration depth measurements [19].
Furthermore, our analysis shows no clear distinction be-
tween scattering centers in the FeAs planes (such as Co),
and out-of-plane defects, which attests to the clear three-
dimensional nature of superconductivity in the low-field
limit due to the contribution of the more dispersive hole-
like sheets [25], centered on the Γ-point [42]. Table I
shows that, if anything, the effect of out-of-plane defects
[7] is stronger, because they act in the charge reservoir
layer where superconductivity is weaker.

In conclusion, an analysis of vortex pinning in iron
pnictide superconductors strongly suggests that charged
atomic sized defects, including dopant atoms, are re-
sponsible for quasi-particle scattering in the Born limit,
as well as for collective pinning. The presence of such
defects in charge-doped pnictides casts doubt on the
premise of s± superconductivity in these materials. On

the other hand, isovalently doped BaFe2(As0.67P0.33)2,
which has a superconducting ground state with gap nodes
[19], is characterized by the absence of such quasi-particle
scattering.
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