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Outline 

•  Iron pnictide superconductors: families and phase diagrams 

•  Magneto-structural coupling 
 
•  Superconducting gap structure and pairing mechanism 

•  Coexistence between Spin Density Wave and Superconductivity 
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Structure and families 

Common building block: 
Fe square lattice 
FeAs plane except FeSe 

Tc,max=55K 



Pnictides 

pnictogen 
(P, As) 

exception: FeSe… 



Tc vs time 

A new route to high Tc superconductivity? 
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Qazilbash et al. Nature Physics 5, 647 (2009)  

•  Iron-pnictides further away from Mott insulator than cuprates (DMFT…) 
•  Ab-initio calculations (DFT) predict magnetism (but not the correct Fe moment) and 

gross features of band structure 
 

Electron correlations? 

Comparaison between kinetic energy from optics and from band structure calculations 

K. Haule et al. Phys. Rev. Lett. 100, 226402 (2008). 
D.J. Singh, M.H. Du, Phys. Rev. Lett. 100, 237003 (2008) 



Phase diagrams and families 

•  close proximity of SC phase with magnetism (heavy fermions, cuprates) 
•  coexistence (or not) between magnetism and superconductivity 
•  magnetic and structural transitions 

122 1111 

H. Chen et al. Europhys. Lett. 85, 17006 (2009)  J. Zhao et al. Nature Materials 7, 953-959 (2008) 
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Crystal structure BaFe2As2 

a
b

c
Fe 

As 

Ba 

•  Square plane of Fe (d6) 
•  As alternating above and below Fe planes 
•  FeAs4 tetrahedra  
•  Ba blocking layer 
 
•  FeAs plane: 2 Fe/cell 
•  BZ sometimes defined with 1 Fe/cell (extended BZ) 
 



A multi-orbital system 

Minimal two-orbital model: dxz, dyz 

Hole and electron Fermi surfaces 



5 orbital models 

DFT calculations 
Mazin, Physica C 469, 614 (2009) 

•  Up to 5 Fe derived bands cross the Fermi level: 
3 hole-like and 2 electron-like 
•  As derived bands are 2eV below Fermi level 
•  relatively 2D electronic structure 
  
•   physics is governed by Fe orbitals 
•   importance of Fe-As-Fe hopping 
•   orbital physics: Hund coupling 

3D Fermi surfaces 
Orbital content of Fermi surfaces 

tight binding model 
Graser et al. New J. Phys. 2009 

1 Fe/cell 



Cuprates: 1 FS Pnictides: multiple FS  

Liu et al. Nature Phys. 2010 Doiron-Leyraud et al. Nature 2007 

Fermi surfaces 



 the x parameter: tuning magnetism and superconductivity 

Different ways of tuning magnetism and SC 
 
•  Hole, electron, isovalent doping 
•  pressure  
•  doping in the FeAs plane is not detrimental to Tc  

  J. Paglione et R. Greene. Nature Physics 2010 
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 the x parameter: tuning magnetism and superconductivity 

These data suggest that superconductivity can occur in a prescribed region of e
with Tc depending on how far Ts or TN is suppressed on the underdoped side and Tc falling

on a universal Tc(e) curve on the overdoped side. This empirical description of the
superconducting dome raises several key questions. What defines the lower-e limit of the

superconducting dome? What it the mechanism/reason for the correlation between

suppressing Ts/TN and increasing Tc on the underdoped side of the dome? And, what is

defining the apparently universal Tc(e) behavior on the overdoped side of the dome?

It is noteworthy that a grossly similar evolution of Ts/TN and appearance of a

superconducting dome with TM-doping were reported in the Sr(Fe1–xTMx)2As2 family as

well (70–72), including striking similarities between effects of 3d- and 4d-TM-doping

(Co/Rh and Ni/Pd) on Tc (71).
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Figure 11

(a) T-e phase diagram for Co-, Rh-, Ni-, Pd-, Cu-, and Cu/Co-dopings of BaFe2As2. (b) Enlargement of
part a showing just the superconducting dome (after References 68 and 69).
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•  « universal » Tc (e) phase diagram in overdoped Ba-122 
•  Tc is correlated with TN/S in underdoped Ba-122 
•  electronic parameter: FS topology ?  

Canfield and Budko, Annu. Rev. Condens. Matter Phys. 1, 27-50 (2010) 
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Figure 3 | Summary. a, Left axis: the a–b-plane Hall coefficient RH ≡ ρH/H versus x of Ba(Fe1−xCox)2As2 with magnetic field H=90 kOe � c, T= 25 and
150K (ref. 19). Right axis: ARPES intensity IARPES at α =0◦ extracted from both helium lamp and synchrotron data, minus IARPES at x=0.114.
b, Schematic phase diagram of Ba(Fe1−xCox)2As2 based on ARPES and transport measurements19. Both the magnetic transition temperature T∗ and the
onset temperature of superconductivity are determined by resistivity measurements. c, Schematic band dispersion for three different doping levels at the
vicinity of the X-point. In the AFM state (0< x<0.058) the electron bands and hole bands fold back onto each other, and hybridize because of the
existence of inter-band coupling. The Lifshitz transition takes place when the tip of a hybridized band sinks below the Fermi level because of increasing
electron occupation.

Hall coefficient) for a surprisingly wide range of temperatures
(25 K< T < 300K). This implies that TEP is much more sensitive
to the underlying electronic properties. The Hall effect and TEP
measurements together set a finer range for the Lifshitz transition as
they reflect the effects of the electronic structure on themacroscopic
physical properties of the sample. It is also noteworthy that
other electron-doped 122 systems show essentially the same phase
diagram as that of the cobalt-doped samples22,23 and similar changes
in Hall coefficient and TEP are also observed (for Cu-doped
BaFe2As2(ref. 22) and for Ni-doped SrFe2As2 where the onset of
the Hall coefficient and TEP anomaly also occurs right at the onset
of superconductivity23). This suggests that the Lifshitz transition
reported here is a general property for the electron-doped 122
systems. It is not clear whether or not this conclusion can be
extrapolated to the hole-doped side of the phase diagram. On one
hand, assuming a simple rigid band shift, one would expect the
petals to be present in the hole-doped 122 system and indeed
they were observed by ARPES in Ba1−xKxFe2As2 (refs 15,24). On
the other hand, the situation in Ba1−xKxFe2As2 is significantly
complicated by spatial inhomogeneity24 and evidence from local
probes (for example, nuclear magnetic resonance) suggests that
AFM and superconductivity are microscopically separated25,26. In
this case the impact of down folding on the superconducting state is
not an issue and superconductivity is suppressed at low hole doping
by the emergence of a first-order phase boundary between the
two states27. The question of why superconductivity is compatible
with the petals in the hole-doping regime is an important one and
requires further detailed experimental investigation.

We summarize our main findings in Fig. 3b, where we plot
the locations of each ARPES spectrum on the x–T phase
diagram. Figure 3b shows that the emergence of superconductivity

in Ba(Fe1−xCox)2As2 coincides with the disappearance of the
reconstructed pieces of the Fermi surface. Our observation explains
that the changes in Hall coefficient, namely the rapid increase of
RH, are caused by rapid changes of the Fermi-surface topology
with doping. As shown in Fig. 3c, a Lifshitz transition takes place
close to the emergence of superconductivity, when the hybridized
petal-like hole pockets fill up because of an increase in electron
occupation. Long-range magnetic order has a particularly strong
impact on the pairing interaction in the case of unconventional
superconductivity because of magnetic fluctuations. The pairing
interaction resulting from spin fluctuations on the reconstructed
Fermi surface is reduced because of the requirement that the
quasiparticle-induced spin wave damping vanishes at the ordering
vector28. In the context of the pnictides, this effect leads to
the reduced pairing interaction of the magnetically ordered state
because the modified wavefunctions in the magnetically ordered
state couple less efficiently to magnetic fluctuations29. This effect
is strongest for large magnetization with pronounced down folding
and demonstrates the sensitivity of an electronic pairingmechanism
with respect to an AFM Fermi-surface reconstruction. The finding
of the present letter demonstrates that avoiding the Fermi-surface
reconstructionmay be the key to establishing the superconductivity
in electron-doped iron arsenic high-temperature superconductors.

Methods
Single crystals of Ba(Fe1−xCox)2As2 were grown by self-flux using conventional
high-temperature solution growth techniques. The doping level x for each
sample batch was determined using wavelength dispersive X-ray spectroscopy
in a JEOL JXA-8200 electron microprobe; the doping inhomogeneity is kept as
low as ∆x/x < 7% (ref. 3). Transport and magnetization measurements report
a tetragonal to orthorhombic structural transition with a paramagnetic to AFM
transition at TS ≈ T ∗ ≈ 135K for the undoped (x = 0) samples. Increasing the
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Figure 3 | Summary. a, Left axis: the a–b-plane Hall coefficient RH ≡ ρH/H versus x of Ba(Fe1−xCox)2As2 with magnetic field H=90 kOe � c, T= 25 and
150K (ref. 19). Right axis: ARPES intensity IARPES at α =0◦ extracted from both helium lamp and synchrotron data, minus IARPES at x=0.114.
b, Schematic phase diagram of Ba(Fe1−xCox)2As2 based on ARPES and transport measurements19. Both the magnetic transition temperature T∗ and the
onset temperature of superconductivity are determined by resistivity measurements. c, Schematic band dispersion for three different doping levels at the
vicinity of the X-point. In the AFM state (0< x<0.058) the electron bands and hole bands fold back onto each other, and hybridize because of the
existence of inter-band coupling. The Lifshitz transition takes place when the tip of a hybridized band sinks below the Fermi level because of increasing
electron occupation.

Hall coefficient) for a surprisingly wide range of temperatures
(25 K< T < 300K). This implies that TEP is much more sensitive
to the underlying electronic properties. The Hall effect and TEP
measurements together set a finer range for the Lifshitz transition as
they reflect the effects of the electronic structure on themacroscopic
physical properties of the sample. It is also noteworthy that
other electron-doped 122 systems show essentially the same phase
diagram as that of the cobalt-doped samples22,23 and similar changes
in Hall coefficient and TEP are also observed (for Cu-doped
BaFe2As2(ref. 22) and for Ni-doped SrFe2As2 where the onset of
the Hall coefficient and TEP anomaly also occurs right at the onset
of superconductivity23). This suggests that the Lifshitz transition
reported here is a general property for the electron-doped 122
systems. It is not clear whether or not this conclusion can be
extrapolated to the hole-doped side of the phase diagram. On one
hand, assuming a simple rigid band shift, one would expect the
petals to be present in the hole-doped 122 system and indeed
they were observed by ARPES in Ba1−xKxFe2As2 (refs 15,24). On
the other hand, the situation in Ba1−xKxFe2As2 is significantly
complicated by spatial inhomogeneity24 and evidence from local
probes (for example, nuclear magnetic resonance) suggests that
AFM and superconductivity are microscopically separated25,26. In
this case the impact of down folding on the superconducting state is
not an issue and superconductivity is suppressed at low hole doping
by the emergence of a first-order phase boundary between the
two states27. The question of why superconductivity is compatible
with the petals in the hole-doping regime is an important one and
requires further detailed experimental investigation.

We summarize our main findings in Fig. 3b, where we plot
the locations of each ARPES spectrum on the x–T phase
diagram. Figure 3b shows that the emergence of superconductivity

in Ba(Fe1−xCox)2As2 coincides with the disappearance of the
reconstructed pieces of the Fermi surface. Our observation explains
that the changes in Hall coefficient, namely the rapid increase of
RH, are caused by rapid changes of the Fermi-surface topology
with doping. As shown in Fig. 3c, a Lifshitz transition takes place
close to the emergence of superconductivity, when the hybridized
petal-like hole pockets fill up because of an increase in electron
occupation. Long-range magnetic order has a particularly strong
impact on the pairing interaction in the case of unconventional
superconductivity because of magnetic fluctuations. The pairing
interaction resulting from spin fluctuations on the reconstructed
Fermi surface is reduced because of the requirement that the
quasiparticle-induced spin wave damping vanishes at the ordering
vector28. In the context of the pnictides, this effect leads to
the reduced pairing interaction of the magnetically ordered state
because the modified wavefunctions in the magnetically ordered
state couple less efficiently to magnetic fluctuations29. This effect
is strongest for large magnetization with pronounced down folding
and demonstrates the sensitivity of an electronic pairingmechanism
with respect to an AFM Fermi-surface reconstruction. The finding
of the present letter demonstrates that avoiding the Fermi-surface
reconstructionmay be the key to establishing the superconductivity
in electron-doped iron arsenic high-temperature superconductors.

Methods
Single crystals of Ba(Fe1−xCox)2As2 were grown by self-flux using conventional
high-temperature solution growth techniques. The doping level x for each
sample batch was determined using wavelength dispersive X-ray spectroscopy
in a JEOL JXA-8200 electron microprobe; the doping inhomogeneity is kept as
low as ∆x/x < 7% (ref. 3). Transport and magnetization measurements report
a tetragonal to orthorhombic structural transition with a paramagnetic to AFM
transition at TS ≈ T ∗ ≈ 135K for the undoped (x = 0) samples. Increasing the
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Liu et al. Nat. Phys. (2010) 



Fe d states. The Fe d states account for the bands between
!2:2 and 2 eV, with La derived states occurring at higher
energy. This is the ordering expected from the Pauling
electronegativities: 3.44 for O, 2.18 for As, 1.83 for Fe,
and 1.10 for La. While there is some hybridization between
Fe and As, it is not strong and is comparable to oxides.
Thus a separation of the structure into independent LaO
and FeAs subunits is not justified from the point of view of
electronic structure or bonding and so we write the chemi-
cal formulas in order of electronegativity. This ionic view
is supported by the similarity of the Fe d derived bands of
LaFePO and LaFeAsO in spite of the chemical differences
between P and As. This suggests that doping mechanisms
other than replacement of O by F may be effective, i.e., on
the La site (e.g., by Th) or the As site (e.g., by Te or Se).
This may allow stabilization of the compound with a wider
range of doping levels than can be achieved using the O
site, perhaps leading to higher Tc.

Fe d states would normally split into a lower lying eg
manifold and higher lying t2g states in an As tetrahedral
crystal field. The gap between these would be at a d elect-
ron count of 4 per Fe. However, this crystal field competes
with the direct Fe-Fe interaction to yield a more compli-
cated band structure, with no clear gap at 4 electrons per
Fe. Rather, the main feature is a pseudogap at an electron
count of 6. The Fermi energy for d6 Fe2" is at the pseu-
dogap. While we do find sensitivity of the bands near EF to
the As height as shown in Fig. 2, the PBE band structure
with the PBE relaxed structure is very similar to the LDA
band structure, including the details of the Fermi surface.

The Fermi surface (Fig. 3) has five sheets: two high
velocity electron cylinders around the zone edge M-A
line, two lower velocity hole cylinders around the zone
center, and an additional heavy 3D hole pocket, which
intersects and anticrosses with the hole cylinders, and is
centered at Z. The heavy 3D pocket is derived from Fe dz

states, which hybridize sufficiently with As p and La
orbitals to yield a 3D pocket. The remaining sheets of
Fermi surface are nearly 2D. The electron cylinders are
associated with in-plane Fe d orbitals and have higher
velocity and will make the larger contribution to the in-
plane electrical conductivity, The Seebeck coefficients are
positive because of the proximity to band edges in the hole
bands: Sxx # Syy # 6:8 !V=K and Szz # 8:5 !V=K, at
300 K. However, for N$EF% and other quantities that de-
pend on the density of states, such as spin fluctuations, and
electron-phonon coupling, the heavier hole pockets may be
more important. Specifically, the three hole sheets together
contribute 80% of N$EF% but only 31% of N$EF%v2

x. The
average Fermi velocities are 0:81& 107 cm=s (in plane)
and 0:34& 107 cm=s (c axis) for the hole sections and
2:39& 107 cm=s (in plane) and 0:35& 107 cm=s (c axis)
for the electron sections. Including all sheets, vxx # vyy #
1:30& 107 cm=s and vzz # 0:34& 107 cm=s. This yields
a resistivity anisotropy of '15 for isotropic scattering. We
note that the DOS is rapidly changing near EF, and there-
fore these quantities will be quite sensitive to the electron
filling, structure, and other details.

The volume enclosed by the two electron cylinders
(equal to that enclosed by the hole sections) corresponds
to 0.26 electrons per cell (0.13 per formula unit). EF lies
just above a peak in the DOS, which leads to a rapidly
decreasing DOS with energy. This peak is associated with a
van Hove singularity from the 3D hole pocket, which
becomes cylindrical as EF is lowered. The calculated value
at EF is N$EF% # 2:62 eV!1 per formula unit both spins.
The corresponding bare susceptibility and specific heat
coefficient are "0 # 8:5& 10!5 emu=mol and #0 #
6:5 mJ=molK2. Thus LaFeAsO is a low carrier concentra-
tion, high density of states superconductor. This is in
contrast to the cuprates, which have high carrier concen-
tration (near half filling with large Fermi surfaces) [12] and

FIG. 3 (color online). LDA Fermi surface of LaFeAsO shaded
by velocity [darker (blue) is low velocity]. The symmetry points
are ! # $0; 0; 0%, Z # $0; 0; 1=2%, X # $1=2; 0; 0%, R #
$1=2; 0; 1=2%, M # $1=2; 1=2; 0%, A # $1=2; 1=2; 1=2%.

FIG. 2 (color online). Band structure of LaFeAsO around EF
showing the effect of As breathing along z by $zAs # 0:04
(0.035 Å). The unshifted band structure is indicated by the solid
black line, while the shift away (towards) the Fe is indicated by
the blue dotted lines (green dashed lines).

PRL 100, 237003 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JUNE 2008

237003-2

What is controling Tc ? 

J. Phys. Soc. Jpn. Full Paper

Fig. 4. (Color online) (a) The tetragonal crystal structure of Ba(Fe1−xCox)2As2. (b) The a and c axis

divided by a0 = 3.966 Å and c0 = 13.037 Å, respectively, and the As z coordinate (c) as a function

of x (lower scale) at p = 0. The broken lines represent the behavior of a, c, and zAs of BaFe2As2

under pressure from Ref.29) plotted as a function of p (upper scale) with the proportionality

constant from Fig. 3. (d) The Ba-As and (Fe1−xCox)-As bond lengths divided by 3.374 Å and

2.392 Å, respectively, the Fe2As2 layer thickness hFeAs (e), the As-Fe-As bond angles φi (f), and

the c/a ratio (d). The open symbols represent the corresponding quantities of BaFe2As2 under

pressure.29) All lines are linear fits to the data points.

not affect the transition temperature which is consistent with fully gapped superconductivity.

It is instructive to compare the Tc values of Co doped samples with those of the undoped

parent compound BaFe2As2 under pressure (see Fig. 3(b)). In comparison to the Co doped

samples under pressure, the various published Tc(p) data of pure BaFe2As2 differ strongly at

low pressures. As pointed out by Duncan et al.,30) already tiny amounts of uniaxial pressure

can suppress the magnetic order and shift the onset of superconductivity to lower pressures.

Consequently, the degree of hydrostacity of the pressure-transmitting medium used has a cru-

cial effect on the measurement. It is reassuring that our x = 0 data coincides with those of

Alireza et al.9) who used the same pressure medium. (Since pressure inhomogeneities tend

to increase with applied pressure, the higher reproducibility of the experiments on Co-doped

samples are partly a result of the lower maximal pressures needed to observe significant Tc

changes.) The extremely high sensitivity of the orthorhombic phase to stress, typical of heav-

ily twinned crystals,31,32) might be considerably reduced if the Co ions act as pinning centers
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•  Fe-As-Fe bond angle controls bandwidth and nesting 
•  Sensitivity of the band structure and calculated Fe moment 
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Figure 5 Fe–As(P)–Fe bond angles, Fe–Fe and Fe–As(P) distances for different

Fe-based superconductors. There is a systematic decrease in the Fe–As(P)–Fe
bond angle for Fe-based superconductors with higher Tc, suggesting that the lattice
effects are important. a, Schematic diagram of what happens to the Fe–As–Fe
tetrahedron for Fe-based superconductors as a function of increasing Tc.
b,c, Dependence of the maximum Tc on Fe–As(P)–Fe angle (b) and Fe–Fe/Fe–As(P)
distance (c). The Fe–As(P)–Fe angles and Fe–Fe/Fe–As(P) distances are computed
using atomic positions given in refs 24,37 for LaFePO, ref. 13 for LaFeAsO, present
paper for CeFeAsO, ref. 25 for BaFe2As2, ref. 38 for NdFeAsO and ref. 10 for
TbFeAsO0.9F0.1. The maximum Tc is obtained when the Fe–As(P)–Fe bond angle
reaches the ideal value of 109.47◦ for the perfect FeAs tetrahedron. Note here we
used the maximum Tc obtained from susceptibility measurements, which is lower
than that of the resistivity measurement on the same system. The error bars indicate
one standard deviation.

the Ce–O/F charge transfer layer closer to the superconducting

As–Fe–As block, thereby facilitating electron charge transfer

(Fig. 4a) as confirmed by recent X-ray absorption spectroscopy

measurements
34

. As the Fe–As distance (2.405 Å) is essentially

doping independent (Fig. 4e), the strong hybridization between the

Fe 3d and the As 4p orbitals
35

is not affected by electron doping. On

the other hand, if we assume that the Fe–Fe nearest-neighbour (J1)

and next-nearest-neighbour effective exchange couplings (J2) are

mediated through the electron Fe–As–Fe hopping and controlled

by the Fe–As–Fe angles
36

, Fig. 4d suggests that J2 and one of the

nearest-neighbour exchange constants (J1) decrease with increasing

F doping while the other J1 remains unchanged.

In a previous study on the phase diagram of oxygen-deficient

RFeAsO1−δ (ref. 9), it was found that systematically replacing R
from La to Ce, Pr, Nd and Sm in RFeAsO1−δ resulted in a gradual

decrease in the a-axis lattice parameters and an increase in Tc. If

Tc for different Fe-based superconductors is indeed correlated to

their structural properties, a systematic trend between Tc and the

Fe–As–Fe bond angles would be expected to be found, because the

exchange couplings (J1 and J2) are directly related to the Fe–As–Fe

bond angles
16,36

(Fig. 5a). Figure 5b,c shows the Fe–As(P)–Fe angles

and Fe–Fe/Fe–As(P) distances versus maximum Tc for different

Fe-based rare-earth oxypnictides
13,23–26,37,38

and Ba1−xKxFe2As2

(ref. 12) superconductors. Although the Fe–Fe/Fe–As(P) distances

may not have a clear trend amongst different Fe-based

superconductors (Fig. 5c), it is remarkable that the maximum Tc

seems to be directly related to the Fe–As(P)–Fe angles for a variety

of materials (Fig. 5b) and the highest Tc is obtained when the

Fe–As(P)–Fe angle reaches the ideal value of 109.47
◦

for the perfect

FeAs tetrahedron with the least lattice distortion. This suggests that

the most effective way to increase Tc in Fe-based superconductors

is to decrease the deviation of the Fe–As(P)–Fe bond angle from

the ideal FeAs tetrahedron, as the geometry of the FeAs tetrahedron

might be correlated with the density of states near the Fermi energy.

In summary, we have mapped out the structural and magnetic

phase transitions of CeFeAsO1−xFx and found that the Fe

static AFM order essentially vanishes before the appearance

of superconductivity
39

. The phase diagram of CeFeAsO1−xFx is

therefore remarkably similar to that of the electron-doped high-Tc

copper oxides
4,5

. In a recent µSR and
57

Fe Mössbauer spectroscopy

study on the phase diagram of LaFeAsO1−xFx, Luetkens et al.40

argue that the antiferromagnetism to superconductivity transition

is first order and the orthorhombic structure does not coexist

with superconductivity. In contrast, X-ray scattering
41

and

µSR experiments
42

on SmFeAsO1−xFx suggest coexistence of

static antiferromagnetism and the orthorhombic structure

with superconductivity in the underdoped regime. Although

our neutron diffraction experiments confirm no static AFM

order for LaFeAsO1−xFx at x = 0.05, consistent with the µSR

study
40

, we find clear evidence for the orthorhombic lattice

distortion
43

. These results suggest that the orthorhombic structure

can survive superconductivity in LaFeAsO1−xFx, much like

CeFeAsO1−xFx discussed here and SmFeAsO1−xFx (ref. 41). As

superconductivity in the LaFeAsO1−xFx (refs 6,40), CeFeAsO1−xFx

Table 1 Refined structure parameters of CeFeAsO1− xFx with x= 0 at 175K and x= 0.16 at 60K. Space group: P4/nmm. CeFeAsO, a= 3.99591(5), c= 8.6522(1) Å;

CeFeAsO0.84F0.16, a= 3.98470(3), c= 8.6032(1) Å.

Atom Site x y z(x= 0) B (Å2) (x= 0) z (x= 0.16) B (Å2) (x= 0.16)

Ce 2c 1/4 1/4 0.1413(3) 0.34(4) 0.1480(4) 0.58(5)
Fe 2b 3/4 1/4 1/2 0.25(4) 1/2 0.09(3)
As 2c 1/4 1/4 0.6546(2) 0.28(3) 0.6565(3) 0.27(4)
O 2a 3/4 1/4 0 0.30(5) 0 0.50(4)

x= 0,Rp= 5.02%,wRp= 6.43%,χ2 = 1.336;
x= 0.16,Rp= 5.94%,wRp= 8.24%,χ2 = 2.525.
Here χ2 is goodness of fit and Rp and wRp are residuals of observed and calculated intensities.
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since they become closer to a regular tetrahedron at T ¼
10K for the sample showing the highest Tc. To confirm this
idea, we show in Fig. 7 As–Fe–As bond angle as a function
of Tc in various pnictide superconductors.1–3,6,10,15–27) The
parameters of the samples showing almost maximum Tc in
each system are selected to eliminate the effect of carrier
doping. The As–Fe–As bond angles in several LnFeAsO1"y

compounds were estimated from the lattice constants
assuming a constant As–Fe bond length of 2.40 Å. This
assumption is supported by the present results which suggest
that the rare-earth dependence of As–Fe bond length is
small. This estimation can cause a bond-angle error of
about 1#. Clearly, Tc becomes maximum when FeAs4-
lattices form a regular tetrahedron. This result indicates a
clear relationship between crystal structure and supercon-
ductivity.

In summary, we have studied the crystal structure of
(La,Nd)FeAsO1"y by the neutron diffraction technique.
Rietveld analysis revealed that the real oxygen content is
largely above the nominal composition. We present the
superconducting phase diagram of NdFeAsO1"y against the
actual oxygen content. FeAs4-lattices were transformed
toward a regular tetrahedron accompanied by an increase
in Tc with increasing oxygen deficiency y. It seems that Tc
becomes maximum when the FeAs4-lattices form a regular
tetrahedron.
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x: structural tuning 

•  pressure and hole doping have a similar effect on bond angle (chemical vs physical pressure) 
•  Tc is max around « magic » angle (but uncertainty in pressure dependance of Tc)  
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Figure 4 | Pressure dependence of As–Fe–As bond angles and reduction
in strength of the Fermi-surface nesting at high pressure. a, The pressure
dependence of the refined As–Fe–As bond angles at 150K; error bars

represent the standard uncertainty from the Rietveld refinement of the

diffraction data. The results from the solid solution Ba1−xKxFe2As2 in ref. 8

are shown as red symbols. b, In each column the intersection of the

calculated Fermi surface with planes perpendicular to the c∗ direction is
shown at three different heights of 0, π/c and 2π/c. Around the origin, [0,

0], three bands intersect (illustrated by red lines). For a perfect

Fermi-surface nesting, the translation by the nesting vector [π/a,π/b] (in
green) should yield a complete overlap with the bands intersecting around

the [π/a,π/b] point (blue lines).

and superconductivity are ubiquitous11. However, the changes in
individual bond lengths and angles that tune the electronic ground
state in these materials are small and difficult to determine owing
to the low temperatures required (TC ≤ 1K). In addition, the
relevant energy scales for the magnetic fluctuations are low and
the ground state is therefore extremely sensitive to variations in
sample stoichiometries24. In contrast, the FeAs superconductors are
resistant to disorder, SDW order sets in at high temperature and
the structural changes can be easily resolved by bulk techniques.

We anticipate that future high-pressure experiments will be key for
cleanly exploring the evolution from itinerant magnetism to the
exotic superconducting state.

Methods

We synthesized polycrystalline samples of BaFe2As2 by the previously reported
method25. Phase purity was checked by powder X-ray diffraction, which showed no
impurity phases. The temperature at which BaFe2As2 undergoes antiferromagnetic
ordering is extremely sensitive to impurities; we therefore additionallymeasured the
magnetic susceptibility of our sample in a 1 T field using a QuantumDesignMPMS.
A sharp drop was seen at 143K, confirming that our sample has close-to-ideal
stoichiometry6. An adapted Bridgman cell was used for high-pressure transport
measurements. The pressure medium was a Fluorinert mixture of 1:1 FC70:FC77.
The sample (dimensions around 700×150×30 µm) was measured using the
four-probe method and the pressure was deduced from the superconducting
transition of a piece of lead. Neutron powder diffraction profiles were recorded
as a function of temperature and pressure using the D20 powder diffractometer26
located at the Institut Laue–Langevin with a wavelength of λ = 1.88Å. Pressure
was applied with a Paris–Edinburgh pressure cell27 equipped with toroidal
cubic BN anvils, and a mixture of 4:1 deuterated methanol:ethanol was used as
pressure-transmitting medium. The sample temperature was controlled using
a closed-cycle cryostat as used in previous experiments28; fast cooling to 70K
was achieved by flooding the cell assembly with liquid N2. The cell pressure was
determined by adding a small amount of Pb powder to the sample and using the
known equation of state of this material29. The neutron powder diffraction data
were analysed using the Rietveld method with the program GSAS30. We collected
data both isothermally and (approximately) isobarically and, typical data collection
times were 20min. Various density functional theory band-structure calculations
have been carried out for the doped Ba1−xKxFe2As2 series, with results strongly
dependent on whether the As positions were relaxed within density functional
theory18 or were kept fixed as given by experimental observations19. We carried out
band-structure calculations for the experimental structures under pressure as well as
for the Ba1−xKxFe2As2 solid solution (in the virtual-crystal approximation) keeping
the As position fixed to the experimental values, and confirm the remarkable
similarities between these two families. We note that previous calculations21 give a
similar result to ours. We used the full potential linearized augmented plane wave
method as implemented in the WIEN2k code31. The Perdew–Burke–Ernzerhof
generalized gradient approximation to density functional theory was used.
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Figure 1 | Crystal structure of BaFe2As2, tetrahedral angles and high-pressure transport measurements. a, A polyhedral representation of the crystal
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angles referred to in the text are highlighted in red. c, Results of a high-pressure resistance measurement at 5.5GPa on our sample of BaFe2As2; the onset

of the transition is at 31 K; zero resistance is achieved at 30.5 K.

numbers 1–5 and were measured in this sequence. After cooling
our sample to 150K we applied a moderate pressure of 1GPa. On
further slow cooling to 17K (isobar 1), and on warming back to
150K, we still observed the T–O structural transition at 140K. At
the next highest pressure, 3 GPa, we did not observe this transition
on cooling (isobar 3). Also, the orthorhombic phase was recovered
at 1.2 GPa on decreasing pressure at 75 K (isotherm 5). Both of
these facts suggest that the T–O phase line falls sharply. However,
a degree of hysteresis at this phase boundary cannot be ruled out,
so the phase boundary shown in Fig. 2c should be regarded as
schematic in nature. We did not observe coexistence of T and O
phases at any pressure–temperature points. The refined unit-cell
volume across the whole temperature and pressure region studied
is shown in Fig. 2c as an interpolated colour map. The transition
to a collapsed phase, as seen14,15 in non-superconducting CaFe2As2,
would be indicated by a sharp change in the unit-cell volume, and
is clearly absent in this range of pressures and temperatures (see
Supplementary Information).

A decrease in the Fe–Fe distance is known to increase TC in
the FeAs superconductors9. We find that this distance (a/

√
2) in

BaFe2As2 decreases linearly (Fig. 3a) up to pressures of 6GPa. The
a lattice parameter from the Ba1−xKxFe2As2 solid solution reported
in ref. 8 is also plotted up to a doping level of x ∼ 0.62, and
matches our data well. Although data were plotted such that the
maximum TC values reported in refs 7 and 8 agree, we do not imply
that pressure is directly proportional to doping. Nevertheless, this
comparison does show that the nearest-neighbour Fe–Fe distance
evolves similarly under chemical or applied pressure as BaFe2As2
is tuned to superconductivity. The change in the c lattice parameter

under chemical pressure (an increase of∼7.8%) is different to what
we find here (4% reduction at 6GPa), which might correlate with
the lower superconductingTC and density of states at the Fermi level
under pressure (see below), as expected for quasi-two-dimensional
spin-fluctuation-mediated superconductors16.

The electronic properties of the FeAs superconductors are also
sensitively controlled by distortions of the FeAs4 tetrahedra17. The
degree of distortion is controlled by the As z coordinate, which is
the only internal degree of freedom in the tetragonal structure. The
quality of our data enabled refinement of this parameter for all pres-
sures and temperatures, and we find that the As z value increases
linearly with pressure from 1GPa to 6GPa (see Supplementary Fig.
S2). As was seen for the other structural parameters, the refined
value on decreasing pressure at 75 K overlies the 150K values
exactly. The extracted Fe–As and Ba–As bond lengths are shown in
Fig. 3b as a function of pressure. The Fe–As bond is extremely ro-
bust to applied pressure, as was also reported for chemical doping8,
whilst the Ba–As bond is found to contract strongly. We also find
a striking correlation between the effect of pressure and chemical
substitution on the As–Fe–As bond angle, which has been suggested
to control the electronic bandwidth in FeAs materials. As shown in
Fig. 4a, we show that the As–Fe–As bond angles converge to the
ideal tetrahedral value of 109.5◦ as pressure is increased towards
the superconducting region, with a possible divergence at higher
pressures. The Ba1−xKxFe2As2 solid solution shows exactly the same
dependence on approaching optimal TC, highlighting the impor-
tance of this structural parameter in achieving superconductivity.

The results presented above show that the structural changes of
the superconducting FeAs layer that occur as a function of pressure

472 NATUREMATERIALS | VOL 8 | JUNE 2009 | www.nature.com/naturematerials
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Fig. 4. (Color online) (a) The tetragonal crystal structure of Ba(Fe1−xCox)2As2. (b) The a and c axis

divided by a0 = 3.966 Å and c0 = 13.037 Å, respectively, and the As z coordinate (c) as a function

of x (lower scale) at p = 0. The broken lines represent the behavior of a, c, and zAs of BaFe2As2

under pressure from Ref.29) plotted as a function of p (upper scale) with the proportionality

constant from Fig. 3. (d) The Ba-As and (Fe1−xCox)-As bond lengths divided by 3.374 Å and

2.392 Å, respectively, the Fe2As2 layer thickness hFeAs (e), the As-Fe-As bond angles φi (f), and

the c/a ratio (d). The open symbols represent the corresponding quantities of BaFe2As2 under

pressure.29) All lines are linear fits to the data points.

not affect the transition temperature which is consistent with fully gapped superconductivity.

It is instructive to compare the Tc values of Co doped samples with those of the undoped

parent compound BaFe2As2 under pressure (see Fig. 3(b)). In comparison to the Co doped

samples under pressure, the various published Tc(p) data of pure BaFe2As2 differ strongly at

low pressures. As pointed out by Duncan et al.,30) already tiny amounts of uniaxial pressure

can suppress the magnetic order and shift the onset of superconductivity to lower pressures.

Consequently, the degree of hydrostacity of the pressure-transmitting medium used has a cru-

cial effect on the measurement. It is reassuring that our x = 0 data coincides with those of

Alireza et al.9) who used the same pressure medium. (Since pressure inhomogeneities tend

to increase with applied pressure, the higher reproducibility of the experiments on Co-doped

samples are partly a result of the lower maximal pressures needed to observe significant Tc

changes.) The extremely high sensitivity of the orthorhombic phase to stress, typical of heav-

ily twinned crystals,31,32) might be considerably reduced if the Co ions act as pinning centers
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Alireza et al.9) who used the same pressure medium. (Since pressure inhomogeneities tend

to increase with applied pressure, the higher reproducibility of the experiments on Co-doped

samples are partly a result of the lower maximal pressures needed to observe significant Tc

changes.) The extremely high sensitivity of the orthorhombic phase to stress, typical of heav-

ily twinned crystals,31,32) might be considerably reduced if the Co ions act as pinning centers
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•  No clear structural trends between Co and pressure 
•  x is not just structural tuning 
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0:075 sample. With increasing Co content the Tc values
determined by transport and thermodynamic measurements
start to deviate from each other, indicating minority super-
conducting phases with higher Tc than the majority bulk
phase of Co concentration x [see the difference between the
open and closed symbols in Fig. 3(a)]. These differences can
be attributed to the sensitivity of resistivity measurements to
filamentary superconductivity as opposed to bulk measure-
ments of thermodynamic properties such as magnetization,
thermal expansion, and specific heat. Indeed, the initial slope
dTonset

c =dp ¼ "0:7ð2ÞK/GPa of the x ¼ 0:075 sample,
obtained from our magnetization data, is convincingly
confirmed by thermal expansion and specific heat measure-
ments on a sample of the same batch. The Ehrenfest
relations allow the determination of the uniaxial and

hydrostatic pressure dependences of Tc at p ¼ 0 from these
data [see the dotted lines in Fig. 2(b)].10) In view of the
strongly anisotropic uniaxial pressure dependences this
excellent agreement proves that our data reflect indeed
thermodynamic bulk properties, dTonset

c =dp ¼ dTc=dp, under
hydrostatic pressure conditions.

The x ¼ 0:041 concentration is at the underdoped and the
x ¼ 0:075 at the overdoped side of the phase diagram where
Tc grows and drops with x, respectively. Hence, the sign
change of dTc=dp mirrors that of dTc=dx. To compare both
effects quantitatively we assume that the Tc change with p is
proportional to that with x [see Fig. 3(a)]. Surprisingly, the
data collapse on a single phase line if the proportionality
constant is set to !p=!x % 1:275GPa/at.% Co. This scal-
ing property of pressure and doping in the Fe2As2 planes is
in remarkable contrast to the behavior found for cuprate
superconductors where minute amounts of Zn in the CuO2

planes quickly suppress superconductivity. On the other
hand, a similar scaling of TcðpÞ and TcðxÞ at smaller doping
levels was observed for Cd-doped CeCoIn5 where Cd
occupies the In sites.23) Substitution of magnetic and
nonmagnetic ions into the Ce sublattice, however, leads
likewise to a rapid reduction of Tc.24) A strong suppression
of Tc by nonmagnetic as well as magnetic impurities is a
hallmark of unconventional, non-s-wave superconductivi-
ty.25) Usually, Tc approaches zero when the charge carrier
mean free path becomes smaller than the superconducting
coherence length !. Recent "SR measurements demonstrate
that at low Co content superconductivity develops in small
islands around the randomly distributed Co ions.26) For
optimally doped Ba(Fe1"xCox)2As2, ! is of the order of
the a axis lattice parameter and, hence, larger than the
mean Fe–Fe nearest-neighbor distance % a=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1" xÞ

p
[see

Fig. 4(a)].27,28) The fact that samples with smaller Co
concentration under pressure match those of larger x at
p ¼ 0, especially at the Tc maximum, proves that chemical
disorder does not affect the transition temperature which is
consistent with fully gapped superconductivity. It is instruc-
tive to compare the Tc values of Co doped samples with
those of the undoped parent compound BaFe2As2 under
pressure [see Fig. 3(b)]. In comparison to the Co doped
samples under pressure, the various published TcðpÞ data of
pure BaFe2As2 differ strongly at low pressures. As pointed
out by Duncan et al.,30) already tiny amounts of uniaxial
pressure can suppress the magnetic order and shift the onset
of superconductivity to lower pressures. Consequently, the
degree of hydrostacity of the pressure-transmitting medium
used has a crucial effect on the measurement. It is reassuring
that our x ¼ 0 data coincides with those of Alireza et al.9)

who used the same pressure medium. (Since pressure
inhomogeneities tend to increase with applied pressure,
the higher reproducibility of the experiments on Co-doped
samples are partly a result of the lower maximal pressures
needed to observe significant Tc changes.) The extremely
high sensitivity of the orthorhombic phase to stress, typical
of heavily twinned crystals,31,32) might be considerably
reduced if the Co ions act as pinning centers for the twin
boundaries.33,34) Indeed, all high-pressure experiments on
BaFe2As2 that succeeded to suppress the twinned, ortho-
rhombic phase show superconductivity with the same
pressure dependence of Tc. In accordance with the observed

Fig. 3. (Color online) (a) Phase diagram of Ba(Fe1"xCox)2As2 as a func-
tion of x (lower scale) at p ¼ 0. The dotted and dashed lines denote the
structural and magnetic transitions, respectively. At x > 0:06, there is an
increasing deviation between Tc values determined by thermodynamic
properties11,13–15) and transport measurements.6,16–19) The x values of the
data from ref. 15 are scaled to match the Tc maximum. To compare the Tc
dependence on x and p, we plot our TcðpÞ values of x ¼ 0:041 and 0.075
in the same phase diagram as a function of p (upper scale) by assuming
!p=!x % 1:275GPa/at.% Co. The solid line is a guide to the eye.
(b) Comparison of our measurements with high-pressure data of the
undoped parent compound. These are resistivity7,8,20–22) and magnet-
ization measurements.9) The solid phase line Tcðx; p ¼ 0Þ is taken from
(a). The dashed lines illustrate the different, pressure-induced super-
conductivity onsets. The dotted line is a linear extrapolation of the high-
pressure data to p ¼ 0.
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Phase diagram of Ba(Fe1-xCox)2As2 

Canfield and Budko, Annu. Rev. Condens. Matter Phys. 1, 27-50 (2010) 

Co electron doped Ba122: most studied system 

•  Relatively large and good quality single crystals 
•  Homogeneous Co doping (no segregation) 
•  Fine control of Co 

F. Rullier-Albenque & al, Phys. Rev. Lett. 103, 057001 (2009) 



Transport in Ba(Fe1-xCox)2As2 

F. Rullier-Albenque & al, Phys. Rev. Lett. 103, 057001 (2009) 
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Electron doping in Ba(Fe1-xCox)2As2 

pockets, yielding nel=!kF
2 /2. We caution that at low dopings,

deviation from a circular shape may be important. The sim-
plest case is that of high Co doping, when the hole pocket is
completely filled. In this case, the electron pocket should
contain all electrons brought by Co. This is in good agree-
ment with the value nel=0.29 that we measure at x=0.3. This
number decreases with decreasing percentage of Co. How-
ever, it seems to converge to a lower value than the 0.15
electrons/Fe predicted by Ref. 25 at x=0 and also shown in
Fig. 8. Interestingly, a very similar evolution of the number
of electrons with Co doping was deduced from Hall-effect
measurements on crystals from the same batches !stars in
Fig. 8", taking the Hall number #nH#=1 / #RH#e at low tempera-
ture as a good estimate for the actual value of nel as ex-
plained in the reference. This reinforces the idea that the
pockets are probably smaller than predicted in theory for the
undoped compound. Depending on the extrapolation at low
dopings, we estimate nel!0"=0.07"0.03.

For the hole pockets, the general trend of Fig. 7 extrapo-
lates to kF

A=0.14! /a and kF
B=0.28! /a at x=0 and kz=1.

This is significantly smaller than in the calculation of Ref.
30, where kF

A$0.2! /a and kF
B$0.5! /a at kz=1. Conse-

quently, our measurement also correspond to a smaller num-
ber of holes at x=0 than predicted theoretically. This con-
firms the tendency obtained for electrons, which is self-
consistent, as charge neutrality requires nh!0"=nel!0". The kF
values at kz=1 correspond to %0.015 holes/Fe in one band A
and %0.06 holes/Fe in band B, adding to a total of 0.09
holes/Fe, assuming double degeneracy of A. This should be
taken as a maximum estimate for the number of holes since
the holes cylinders in fact shrink at lower kz values, espe-
cially for B. Integrating these numbers over kz with the de-

pendence determined on Fig. 4, reduces these numbers to
65% for band A !%0.01 holes/Fe" and 25% for band B
!%0.015 holes/Fe". Note that almost half of the holes are
contained in band B, meaning both bands are equally impor-
tant to consider. The total number of holes is very small
&nh!0"=0.035 with this estimation' and this might mean that
the integration on kz underestimate this number !with these
small kF values, small changes will affect significantly the
results". In Fig. 8, we report both the maximum and inte-
grated values, for the different dopings. Comparison with the
electron case indicates n=0.06"0.02 as a likely value for
the number of carriers at x=0. A similar shrinking of hole
and electron pockets compared with band theory was also
observed by de Haas–van Alphen experiments in the non-
magnetic LaFePO !Ref. 33" and appears therefore as a com-
mon feature of pnictide that we will discuss in conclusion.

V. DISCUSSION OF THE NESTING

One major interest of such a study is to estimate the de-
gree of nesting between the different pockets. As the pockets
are roughly circular, they will exhibit good nesting at the
wave vector !! /a ,! /a", if they have similar kF. It is imme-
diately clear from Fig. 7 that a good nesting on the electron-
doped side will only be found between electron pockets and
the B hole pocket in the region x#0.07. As this is indeed the
region where the SDW is observed, one could conclude that
this supports the role of nesting in driving this instability.
However, it seems quite counterintuitive that the 3D pocket
alone contributes to the nesting. Also, the good nesting
would exist only in a limited kz range, due to the strong
dispersion of this band. The nesting appears therefore much
worse than in the initial naïve two-band model, in the ab-
sence of the 3D pocket. It is also interesting to keep in mind
that this third hole pocket seems quite different in other iron
pnictides, although the SDW transition temperature is quite
similar. kF can be as large as 0.8! /a for LaFeOP !Ref. 9" or
0.5! /a for NdFeAsO1−xFx,11 so that it is unlikely that the
SDW critically depends on how it is nested with the electron
pocket. Note that this very large pocket has sometimes been
assigned to surface effects33 but that the 3D effects we probe
are incompatible with surface effects.

Such a simple view of FS nesting is however probably not
very relevant to describe such phases. Johannes and Mazin
showed that the reconstruction of the electronic structure in
the magnetic phase extends over almost the entire bandwidth
and not just in a small energy window below EF.34 Such
changes cannot be captured by simple nesting arguments.
Indeed, there is no obvious gap opening detected by ARPES
at the magnetic transition,16,17 as would be expected for a
simple SDW, at least not for the A bands !see Fig. 2". One
rather observes a splitting of the electrons and holes bands17

and new bands folded with !! /a ,! /a" periodicity,14,17,18 tes-
tifying for the new antiferromagnetic !AF" BZ boundaries
!see Fig. 1". This behavior can also be observed at x=0 in
Fig. 2, where a weak electronlike band, shown as a white
dotted line, becomes visible at the $ point. It is much larger
than in the nonmagnetic phase !kF$0.4! /a", due to the
splitting, and interacts with both hole bands when they cross,

FIG. 8. !Color online" Number of holes !open blue circles" and
electrons !black squares" extracted from the kF values of Fig. 7.
Solid blue circles indicate the number of holes after correction tak-
ing into account the warping of the pockets along kz. Black stars are
number of electrons deduced from Hall measurements !Ref. 24".
Hatched areas indicate likely values for the number of holes and
electrons, including possible experimental errors. Thick solid lines
are prediction for the evolution of number of holes and electrons
reproduced from Ref. 25.
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hole pockets have a nearly circular shape, as shown by the
FS of Fig. 3 for x=0.08. When x increases, the electron
doping raises the position of the Fermi level in the band and
the hole pockets shrink. The dispersions can be quite well
fitted for all x values, with linear dispersions keeping the
same Fermi velocities, VF

A=0.57 eV.Å for the inner band A
and VF

B=0.41 eV.Å for the outer band B. These fits are
shown in Fig. 2 and used to extract kF values in Fig. 7.

In sharp contrast, only one band is apparently observed at
45 eV, with a more rounded shape. At x=0, it barely touches
the Fermi level and sinks below it for higher x. Here again,

the shape is roughly similar for all x. We describe it by a
cosine function E=0.18 cos!k!a", and shift it by 0.1 eV be-
tween x=0 and x=0.3.

There are a priori two possible ways to explain the dif-
ference between 35 and 45 eV. The first one is that the in-
tensity of band B is strongly suppressed at 45 eV by matrix-
element effects, so that it becomes undetectable and that
band A dominates the spectrum. Note, however, that the dis-
persion at 45 eV is already quite different from that of band
A at 35 eV !especially, the region at k=0 appears filled". The
second one is to assume that the two bands have shifted with
photon energy and have merged together at 45 eV. This is
possible if there is significant dispersion of the electronic
structure perpendicularly to the surface, as different photon
energies correspond to cuts of the electronic structure at dif-
ferent kz values. These two possibilities would have very
different implications for the understanding of the electronic
structure. For example, the number of holes contained in
these pockets would be quite different. They can be distin-
guished by observing these dispersions over a large photon
energy window. If this behavior is related to perpendicular
dispersion, it should display oscillations with a well-defined
periodicity related to kz, whereas no such periodicity is au-
tomatically expected for matrix-element effects. In Fig. 3,
the kF positions as a function of photon energy are shown for
x=0.08 and x=0.15. They were extracted by linear fits, simi-
lar to those of Fig. 2. They indeed display well-defined os-
cillations as a function of the photon energy. This periodicity
matches very well that expected for kz. This was recognized
before,16,21 but the inner structure of A and B bands was not
resolved. In BaFe2As2, there are two FeAs slabs per unit cell,
so that the distance between two slabs is c!=c /2=6.5 Å and
the periodicity expected for the perpendicular dispersion is
2! /c!. At the " point, the value of kz can be estimated by

kz = 0.512#h# − W + V0,

where h# is the photon energy, W is the work function of the
material !W$4.4 eV", and V0 is an inner potential.23 It is
usually on the order of 10 eV but is in practice adjusted to
get a reasonable agreement with the data. Using V0=14 eV,
we obtain kz=1 for the maxima of kF at 34 eV !7! /c!", 62
eV !9! /c!", and 98 eV !11! /c!" and kz=0 for the minima at
22 eV !8! /c!", 48 eV !8! /c!", and 79 eV !10! /c!". This
describes very well the experimental minima and maxima,
which supports this interpretation.

The 3D behavior is the same in all the samples we have
investigated. Recently, Liu et al. claimed that the 3D struc-
ture was characteristic of the orthorhombic !magnetic" phase
of BaFe2As2 and disappeared at high temperature in the te-
tragonal phase.13 At the various dopings studied here, the
structure changes from orthorhombic to tetragonal, and the
properties from magnetic to superconducting to simply me-
tallic, so that if there is a change in dimensionality as a
function of temperature, it is not likely associated to struc-
tural or magnetic transitions.

A more detailed variation of kF with kz is shown in Fig. 4
for x=0.045. Panel !a" shows the positions of the two bands
extracted by linear fits as a function of kz, while panel !b"
directly images the shrinking of the cylinders as a function of
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FIG. 2. !Color online" Near EF electronic structure around the "
point for the indicated dopings, measured at 35 eV !left" or 45 eV
!right" photon energy and a temperature of 30 K. On the left part,
lines sketch the dispersion of inner band A !red" and outer band B
!blue". On the right part, black line is a sketch for a cosine disper-
sion for the two merged bands A+B !see text".

a b

FIG. 3. !Color online" !a" Fermi surface measured at 35 eV and
30 K, for x=0.08. Red points and blue diamonds indicate Fermi-
level crossings for A and B bands, respectively, and the circles, the
corresponding FS. !b" Fermi wave vector for the two bands as a
function of photon energy for x=0.08 and x=0.15. Vertical dotted
line shows positions corresponding to kz=1. Solid lines are guides
for the eyes.
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ARPES: hole band sinks below EF  

T and SC is observed within the doping range 0:03 & x &
0:15, showing the coexistence of SC and SDW order for
0:03 & x & 0:07. We notice that a marked change in the
evolution of !ðTÞ curves occurs at about x ¼ 0:03 for
which SC appears. In both the paramagnetic and SDW
phases, ! only starts there to decrease monotonously
with Co content. Another puzzling observation concerns
the T dependences of ! in the paramagnetic phase which
parallel each other for most Co dopings. This seems diffi-
cult to conciliate with a multiband description of the
electronic structure for which the conductivity " is the
sum of the hole and electron contributions (" ¼ 1=! ¼
"e þ "h). How could the evolutions with x of the concen-
trations and relative mobilities of the two types of carriers
compensate and give similar T dependent contributions to
! whatever x?

Hall effect.—In order to get more insight into the evo-
lution of transport properties, we have then performed Hall
effect measurements on the same samples, and checked the
linearity in H of the Hall voltage up 8 T in the paramag-
netic phase. The data for the Hall coeffcient RH are pre-
sented in the inset of Fig. 2 for a set of Co dopings. The
strong increases in the magnitude of RH at the SDW
transitions will be discussed later. In order to better visual-
ize the behavior of RH in the paramagnetic phases and for
large x, we have plotted in Fig. 2 the variations of the Hall
number nH ¼ 1=ðeRHÞ. Assuming a simple two band
model, one could write

eRH ¼ 1

nH
¼ "2

h

nhð"e þ "hÞ2
% "2

e

neð"e þ "hÞ2
(1)

where ne (nh) are the concentration of electrons (holes)
usually taken as T independent in a metallic state. One
should note that charge conservation implies

ne ¼ nh þ x; (2)

with the usual assumption that Co gives an electron to these

bands. As we have only three relations for ne, nh, "e, "h,
the problem cannot be readily solved without further ele-
ments based on physical arguments or other experiments.
However, the negative sign of RH indicates that electrons
give the dominant contribution to the charge transport at all
T whatever x with the value of nH being an upper limit for
the electron concentration ne.
For large Co doping, ARPES experiments show that the

hole Fermi surface pockets become very small while the
electron pockets significantly expand [20]. In this case,
nh & ne (and "h & "e) so that Eq. (1) writes

jnHj ’ neð1þ 2"h="Þ (3)

to first order in "h=". This simple limit permits us to
evidence that, whatever the exact value of ne, the data
for !ðTÞ and jnHðTÞj would only be explained by a high
T increase of "h with a weak minimum below 100 K. This
behavior, opposite to that expected for a metallic system,
leads us to conclude that ne and nh are T dependent.
For the most doped samples for which hole contributions

to both nHðTÞ and !ðTÞ can be neglected, these quantities
resume then into the single band expressions,

nHðTÞj ¼ neðTÞ and !ðTÞ ¼ me

neðTÞe2#ðTÞ
; (4)

where me is the electron effective mass. The limiting
values of ne at T ¼ 0 deduced from the low T data for
jnHj are plotted in Fig. 3 versus Co content. In this plot, we
have reported as well the data for the magnetic samples for
which jnHj flattens out just above TSDW . We find that
jnHðT ¼ 0Þj increases linearly with x which supports the
idea that the low T value of jnHj can be assimilated to the

FIG. 2 (color online). T variation of the Hall number jnHj
for a selected set of samples. Here, nH ðe=FeÞ ¼ 0:32'
10%9=RHðm3=CÞ. For the undoped compound, the drop below
TSDW occurs in two steps, the value on the plateau indicated by
an arrow being 0:074 e=Fe. Inset: Raw data for the magnetic
samples showing the drops of RH at TSDW. The data for the most
overdoped sample have been kept for comparison.

FIG. 1 (color online). Temperature dependence of the in-plane
resistivity !ðTÞ of BaðFe1%xCoxÞ2As2 single crystals. For the
sake of clarity, the data for the undoped parent and low doped
non SC samples, which evolve differently than for higher Co
content, are plotted with dashed lines. Notice the singularities
associated with the SDW transitions.
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F. Rullier-Albenque & al, Phys. Rev. Lett. 103, 057001 (2009) 

Hall effect: increase 
 in electron-like carrier 

fair agreement between Hall and 
ARPES (Luttinger theorem): rigid 
band picture 

V. Brouet et al, Phys. Rev. B 80, 165115 (2009) 
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BaFe2As2 : magnetic transition 

Neutron diffraction: new 
Bragg peaks below 135K  

Huang et PRL 2008 

•  transition second (Ba-122) or first (Ca-122) order 
•  stripe-like AF order: in-plane magnetic anisotropy 

Wilson et al. PRB 79, 184519 (2009) 

itinerant magnetism, not Mott magnetism 



Spin Density Wave transition 

magnetization 

transport 

specific heat 

Canfield and Budko Annu. Rev. Condens. Matter Phys. 1, 27-50 (2010) 

As is shown below, doping on the Fe site with 3d- and 4d-TMs leads to a suppression as

well as a separation of these two transitions, with the antiferromagnetic transition being

suppressed more rapidly. This observation makes the fact that these transitions appear

to be slightly separated in some of the 1111 materials less puzzling and suggests that the

122 and 1111 parent compounds are part of a continuum of behavior, with the 122 mate-
rials possibly being slightly more ordered in some manner.

Ba(Fe1–xCox)2As2

Single crystals of Ba(Fe1–xCox)2As2 are readily grown from a FeAs self flux (23, 27, 59,

60). Elemental Ba is added to a mixture of FeAs and CoAs, and crystals as large as 1 ! 1 !
0.2 cm3 can be grown (see Figure 5b, upper inset). Although a nominal Co concentration
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Figure 3

Temperature dependence of the electrical resistivity, anisotropic magnetic susceptibility, and specific heat of BaFe2As2 (left
panels) and CaFe2As2 (right panels). For each compound, all three data sets show the signature of a coupled, structural, and
antiferromagnetic phase transition. Note that the hysteresis between the warming and cooling data (shown for resistivity) for
CaFe2As2 is further evidence of the first-order nature of the transitions (after Reference 20).
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SDW and Fermi surface nesting 

•  approximate Fermi surface nesting QSDW between holes and electrons pockets 
•  enhancement of susceptibility at QSDW=(π,π): instability 
•  DFT correctly predicts magnetism but over-estimate magnetic moment 
 

Mazin et al. PRL 2008 

ρ  	


ρ 	


ARPES: Liu et al. Nature Phys. 2010 

électrons 

holes 

k-space susceptibility 

r-space 

2π/QSDW 



Fermi surface reconstruction in the SDW state  
•  Backfolding of the band  
•  Spin density wave gap at EF (anticrossing) 

•  Perfect nesting: insulator 
•  Imperfect nesting: SDW metal 

perfect nesting 

m = mx = my 

ellipticity      

m  ≠  mx ≠ my 

hole FS: circular 
electron FS: elliptic 

ARPES: Liu et al. Nature Phys. 2010 



Fermi surface reconstruction 

Richard et al. , Phys. Rev Lett. 104, 137001 (2010) 

Liu et al. Nature Phys. 6, 419 (2010) 

Ran et al. Phys. Rev. B 79, 014505 (2009) 

•  imperfect nesting: residual Fermi surfaces 

•  Not all the bands are clearly resolved 

•  SDW gaps unclear 

•  More than simple band folding ? 



Fermi surface reconstruction: quantum oscillations (SdH) 

•  very small FS area in the SDW phase (1.7%, 0.7% et 0.3% de ZB para): FS 
reconstruction 

•  one FS is isotropic and the other 2 anisotropic (cigar-shaped: Dirac point) 

Analytis et al. Phys. Rev. B 80, 064507 (2009) 
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m* (TDO) = 1.2 ± 0.3 me

m* (TDO) = 0.7 ± 0.2 me

m* (torque) = 0.9 ± 0.1 me

m* (TDO) = 0.6 ± 0.3 me

FIG. 1: (Color online) a) Thermal evolution of the Fourier
spectrum of the torque data measured with the applied mag-
netic field oriented 27◦ from the c-axis. The correspond-
ing temperatures from highest to lowest intensity are 0.5,
2, 3.1, 4.0, 6.0, 8.0 and 9.0 K. The inset shows typical low-
temperature (0.5 K and 1.5 K) torque data (with background
subtracted). b) The temperature dependence of the Fourier
amplitude (A) for the α pocket (open squares), the β pocket
(open triangles), the γ pocket (open circles) all measured by
the TDO technique and the γ pocket as measured by torque
magnetometry (solid circles). The solid lines are fits to the LK
formula yielding the following effective masses (at θ = 23◦);
m!

α(TDO) = 1.2 ± 0.3 me, m!
β(TDO) = 0.6 ± 0.3 me,

m!
γ(TDO) = 0.7 ± 0.2 me and m!

γ(Torque) = 0.9 ± 0.1 me.

was mounted with its tetragonal c axis parallel to the axis
of a compensated coil that forms part of the tunnel diode
oscillator circuit. The oscillator resonates at frequency ∼
37 MHz in the absence of an applied field, dropping by
∼ 300 kHz at 65T in response to the magnetoconductiv-
ity of the sample. As the skin depth changes due to the
Shubnikov-de Haas effect, the coil resonance frequency is
correspondingly altered.

Background subtracted data taken from sample A is
shown in the inset of Figure 1 (a) (a smooth polynomial
of order 3). The Fourier content of the data is shown
in Figure 1 (a), illustrating the predominance of a single
frequency Fγ = 80 (herein the γ pocket, which appears at
95T in Figure 1 because the angle between the field and
the tetragonal c-axis θ = 27◦). In sample B two higher
frequencies Fα=440, Fβ=190 T appear at θ = 0◦ which
we shall call the α and β pockets respectively. The α, β
and γ orbits comprise about 1.7%, 0.7% and 0.3% of the
paramagnetic Brillouin zone.
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FIG. 2: (Color online) a) The residual frequency shift of the
TDO circuit (once a 3rd order background has been sub-
tracted) showing QOs periodic in inverse magnetic field. The
upper curve is for the magnetic field oriented parallel to the c-
axis θ = 0◦ and the lower curve for field perpendicular to the
c-axis. b) The Fourier spectrum of the TDO data at θ = 0◦.
c) The field orientation dependence of the QO frequencies.
The hollow points are extracted form the TDO data the solid
points are extracted from the torque data. The solid lines
are fits to Fermi surface volumes with an elliptical cross sec-
tion oriented parallel to the c-axis. The α, β and γ frequen-
cies correspond to a Fermi surface cross-section comprising
1.7±0.05%, 0.7±0.05% and 0.30±0.02% of the paramagnetic
Brillouin zone. The ellipticity for α is 1.1± .1, β is 5± 1 and
γ is 5.6 ± .1.

We extract the effective mass by fitting the temper-
ature dependence of the oscillation amplitude with the
thermal damping term RT = X/sinh(X) of the Lifshitz-
Kosevich(LK) formalism, where X=14.69m∗T/B and m∗

is the effective mass. Presently 1/B is the average in-
verse field of the Fourier window, taken between 20 and
60 T[16]. The suppression of the α, β and γ frequency
amplitudes is shown in Figure 1 (b). Data for the γ
pocket are shown for both techniques. The effective mass
is m∗

γ = 0.9 ± 0.1me in sample A and m∗

γ = 0.7 ± 0.2me

in sample B which are in broad agreement. The α pocket
has a mass of m∗

α = 1.2±0.3me, the β pocket has a mass
of m∗

β = 0.6 ± 0.3me. The errors given in Figure 2 (c)
are determined by the noise floor of the Fourier spectra.
Furthermore we estimate the Dingle temperature for the
pockets to be T α

D =4K±1 and T γ
D =3K±1 though we

are unable to extract this for the β pocket. The Dingle
temperature was not accounted for in our effective mass
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was mounted with its tetragonal c axis parallel to the axis
of a compensated coil that forms part of the tunnel diode
oscillator circuit. The oscillator resonates at frequency ∼
37 MHz in the absence of an applied field, dropping by
∼ 300 kHz at 65T in response to the magnetoconductiv-
ity of the sample. As the skin depth changes due to the
Shubnikov-de Haas effect, the coil resonance frequency is
correspondingly altered.

Background subtracted data taken from sample A is
shown in the inset of Figure 1 (a) (a smooth polynomial
of order 3). The Fourier content of the data is shown
in Figure 1 (a), illustrating the predominance of a single
frequency Fγ = 80 (herein the γ pocket, which appears at
95T in Figure 1 because the angle between the field and
the tetragonal c-axis θ = 27◦). In sample B two higher
frequencies Fα=440, Fβ=190 T appear at θ = 0◦ which
we shall call the α and β pockets respectively. The α, β
and γ orbits comprise about 1.7%, 0.7% and 0.3% of the
paramagnetic Brillouin zone.
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TDO circuit (once a 3rd order background has been sub-
tracted) showing QOs periodic in inverse magnetic field. The
upper curve is for the magnetic field oriented parallel to the c-
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The hollow points are extracted form the TDO data the solid
points are extracted from the torque data. The solid lines
are fits to Fermi surface volumes with an elliptical cross sec-
tion oriented parallel to the c-axis. The α, β and γ frequen-
cies correspond to a Fermi surface cross-section comprising
1.7±0.05%, 0.7±0.05% and 0.30±0.02% of the paramagnetic
Brillouin zone. The ellipticity for α is 1.1± .1, β is 5± 1 and
γ is 5.6 ± .1.

We extract the effective mass by fitting the temper-
ature dependence of the oscillation amplitude with the
thermal damping term RT = X/sinh(X) of the Lifshitz-
Kosevich(LK) formalism, where X=14.69m∗T/B and m∗

is the effective mass. Presently 1/B is the average in-
verse field of the Fourier window, taken between 20 and
60 T[16]. The suppression of the α, β and γ frequency
amplitudes is shown in Figure 1 (b). Data for the γ
pocket are shown for both techniques. The effective mass
is m∗

γ = 0.9 ± 0.1me in sample A and m∗

γ = 0.7 ± 0.2me

in sample B which are in broad agreement. The α pocket
has a mass of m∗

α = 1.2±0.3me, the β pocket has a mass
of m∗

β = 0.6 ± 0.3me. The errors given in Figure 2 (c)
are determined by the noise floor of the Fourier spectra.
Furthermore we estimate the Dingle temperature for the
pockets to be T α

D =4K±1 and T γ
D =3K±1 though we

are unable to extract this for the β pocket. The Dingle
temperature was not accounted for in our effective mass
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We show that previously measured small Fermi surface pockets within the antiferromagnetic

phase of SrFe2As2 and BaFe2As2 are consistent with a Dirac dispersion modulated by interlayer

hopping, giving rise to a Dirac point in k-space and a cusp in the magnetic field angle-dependent

magnetic quantum oscillation frequencies. These findings support the existence of a nodal spin-

density wave in these materials, which could play an important role in protecting the metallic state

against localization effects. The speed of the Dirac fermions in SrFe2As2 and BaFe2As2 is found

to be 14−20 times slower than in graphene, suggesting that the pnictides provide a laboratory for

exploring the effects of strongly interacting Dirac fermions.

PACS numbers: 71.45.Lr, 71.20.Ps, 71.18.+y

Despite broad similarities in their superconducting

phase diagrams [1], a crucial difference lies in the metal-

lic character of the parent antiferromagnetic phase of

the iron arsenide (FeAs) superconductors unlike the

cuprates [2, 3, 4]. An unresolved question in these mate-

rials concerns whether the absence of a Mott insulating

regime is the product of greatly reduced electron corre-

lations compared to the cuprates [2, 5]. An alternate

possibility is a nodal dispersion that protects a metal-

lic density of states at the Fermi energy against com-

plete gapping arising from a strongly correlated spin-

density wave [6]. Recent angle-resolved photoemission

spectroscopy (ARPES) measurements [7] reveal a conical

Dirac-like dispersion within the antiferromagnetic phase

of BaFe2As2 (see Fig. 1a), presenting a potential route

for realisation of the latter case. Such a Dirac-like dis-

persion signals degeneracy in the electronic structure−
like graphene [8], suggesting potential topological quan-

tisation.

While in two-dimensional (2D) graphene a precise tun-

b

!"#

$%

a

FIG. 1: Portion of the bandstructure of antiferromagnetic

BaFe2As2 (a) indicating Dirac points (shifted relative to

µ = 0) responsible for β and γ pockets shown in b. Calcu-

lation provided courtesy of M. Johannes using the procedure

detailed in Ref. [3].

ing of the chemical potential (µ) is required in order to

access the Dirac node, hopping along the interlayer di-

rection in the quasi-2D FeAs materials provides an in-

trinsic tuning to access pockets of fermions positioned

at the Dirac nodes. Degenerate electron and hole pock-

ets are expected at the Dirac nodes in such quasi-2D

systems, evincing characteristic topology. In this pa-

per, we revisit the small β and γ Fermi surface pockets

observed via quantum oscillations in the antiferromag-

netic phase of the FeAs superconductors (SrFe2As2 and

BaFe2As2) [2, 3] and investigate their origin. In contrast

to graphene where Dirac points arise within the origi-

nal band structure, we look for potential association of

the small Fermi surface pockets with Dirac points occur-

ring as a consequence of spin-density wave (SDW) band

reconstruction in the FeAs materials [6]. We probe for

consistency of the measured β and γ pockets (bandstruc-

ture calculation shown in Fig. 1) with almost degenerate

electron and hole pockets located at a Dirac node. By

a comparison of experimentally measured Fermi surface

topology and effective mass with predictions, we show

that the small β and γ pockets are consistent with a Dirac

dispersion with characteristic speed c∗ ∼ 5−7× 10
4

ms
−1

matching that reported in ARPES experiments [7].

Figure 2a depicts how a small interlayer hopping of

t ∼ 10 meV would cause the apex of the Dirac dispersion

to intersect the Fermi energy even for a small chemical

potential, giving rise to electron and hole pockets as a

function of the interlayer dispersion. Vertically stacked

electron and hole pockets of the form depicted in Fig. 2a

touch at their extrema, representing the Dirac point in

k-space. By considering a minimal model capturing a

Dirac electronic dispersion, both the β and γ pockets in

SrFe2As2 and BaFe2As2 can be simultaneously explained

by just two parameters (in addition to c∗). The un-

usual lemon-shaped topology of Fermi surface (illustrated

in Fig. 2b) causes the extremal cross-sectional areas to

exhibit cusp-like dependences on the orientation of the

magnetic induction B, accounting for the reported up-

turn in the magnetic field angle-dependence of the quan-

tum oscillation frequencies [2, 3]. Further predictions are
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the onset of the zero-field-cooled diamagnetic susceptibility,
which coincides with the temperature of zero resistivity.
These temperatures are close to that reported by other
groups.14,15

A standard four-terminal technique was used for the resis-
tivity measurement. For each x, the measurement was made
on several crystals from the same batch. The magnitude of
resistivity coincides within 5% among the crystals with the
same x, evidencing homogeneity in the Co content.

The optical reflectivity R!!" was measured on the ab
plane of the cleaved samples in the frequency range
50–40000 cm−1 at various temperatures by a Fourier trans-
form infrared spectrometer !Bruker IFS113v" and a grating
monochromator !JASCO CT-25C". The optical conductivity
"1!!" was derived from the Kramers-Kronig transformation
of R!!". Since the measurement is made in the limited en-
ergy region, proper extrapolations are necessary. The Hagen-
Rubens or Drude-Lorentz formula is used for the low-energy
extrapolation in order to smoothly connect to the spectrum in
the measured region and to fit the measured resistivity value
at !=0.

III. RESULTS AND DISCUSSIONS

A. Temperature dependence of resistivity for Ba(Fe1−xCox)2As2
and optical response of the undoped compound

Figure 1 shows temperature dependence of the in-plane
resistivity #!T" for Ba!Fe1−xCox"2As2. The compositions are
indicated in the phase diagram as arrows !see the inset". Our
data are in good agreement with previous reports.16,17 Resis-
tivity of the undoped compound shows a sharp drop at TN
=138 K and a metallic behavior below TN. For the lightly
doped compound !x=0.04", the resistivity jumps up at 90 K

!probably corresponding to a structural transition", and satu-
rates at #80 K which is the reported temperature TN of the
magnetic order.3 A spurious resistivity drop is seen below 10
K but superconductivity is not bulk in this compound. For
x=0.06 and 0.08, there is no indication of the structural/
magnetic transition, and instead the resistivity shows a sharp
SC transition at 25 and 20 K, respectively. One can see that
the overall magnitude of resistivity decreases with doping,
but does not strongly depend on x. A fairly large residual
resistivity component exists for all the samples, which would
arise partly from disorder of dopant Co atoms existing in the
Fe planes.

We show temperature evolution of the optical conductiv-
ity spectrum "1!!" and its conductivity sum Neff!!" of un-
doped BaFe2As2 $Figs. 2!a" and 2!b"%;

Neff!!" =
2m0V

$e2 &
0

!

"1!!!"d!!, !1"

where m0 stands for the free electron mass and V the cell
volume containing one Fe atom. The spectrum at T
=150 K just above TN shows slowly decaying conductivity
with a peak at !=0 and a long tail extending to 2000 cm−1

or higher. Below TN, the conductivity below 650 cm−1 is
suppressed and most of the suppressed spectral weight is
transferred to energies higher than 650 cm−1 forming a peak
around 1000 cm−1 as evidenced by the Neff!!" curves $Fig.

0 0.05 0.10 0.150

50

100

150

x

T
(K
)

0 50 100 150 200 250 3000

0.1

0.2

0.3

Temperature (K)

Re
sis
tiv
ity
(m
Ω
cm
)

Ba(Fe1-xCox)2As2

x = 0
0.04
0.06
0.08

FIG. 1. !Color online" Temperature dependence of the in-plane
resistivity for Ba!Fe1−xCox"2As2 samples !x=0, 0.04, 0.06, and
0.08". A kink for x=0 corresponds to a magnetic transition at TN
=138 K. For x=0.04, TN shifts down to #80 K. The compounds
with x=0.06 and 0.08 show a sharp superconducting transition at
Tc=25 and 20 K, respectively. The inset shows the schematic phase
diagram of Co-doped BaFe2As2. Arrows indicate the compositions
for which we study in the present work.
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the onset of the zero-field-cooled diamagnetic susceptibility,
which coincides with the temperature of zero resistivity.
These temperatures are close to that reported by other
groups.14,15

A standard four-terminal technique was used for the resis-
tivity measurement. For each x, the measurement was made
on several crystals from the same batch. The magnitude of
resistivity coincides within 5% among the crystals with the
same x, evidencing homogeneity in the Co content.

The optical reflectivity R!!" was measured on the ab
plane of the cleaved samples in the frequency range
50–40000 cm−1 at various temperatures by a Fourier trans-
form infrared spectrometer !Bruker IFS113v" and a grating
monochromator !JASCO CT-25C". The optical conductivity
"1!!" was derived from the Kramers-Kronig transformation
of R!!". Since the measurement is made in the limited en-
ergy region, proper extrapolations are necessary. The Hagen-
Rubens or Drude-Lorentz formula is used for the low-energy
extrapolation in order to smoothly connect to the spectrum in
the measured region and to fit the measured resistivity value
at !=0.

III. RESULTS AND DISCUSSIONS

A. Temperature dependence of resistivity for Ba(Fe1−xCox)2As2
and optical response of the undoped compound

Figure 1 shows temperature dependence of the in-plane
resistivity #!T" for Ba!Fe1−xCox"2As2. The compositions are
indicated in the phase diagram as arrows !see the inset". Our
data are in good agreement with previous reports.16,17 Resis-
tivity of the undoped compound shows a sharp drop at TN
=138 K and a metallic behavior below TN. For the lightly
doped compound !x=0.04", the resistivity jumps up at 90 K

!probably corresponding to a structural transition", and satu-
rates at #80 K which is the reported temperature TN of the
magnetic order.3 A spurious resistivity drop is seen below 10
K but superconductivity is not bulk in this compound. For
x=0.06 and 0.08, there is no indication of the structural/
magnetic transition, and instead the resistivity shows a sharp
SC transition at 25 and 20 K, respectively. One can see that
the overall magnitude of resistivity decreases with doping,
but does not strongly depend on x. A fairly large residual
resistivity component exists for all the samples, which would
arise partly from disorder of dopant Co atoms existing in the
Fe planes.

We show temperature evolution of the optical conductiv-
ity spectrum "1!!" and its conductivity sum Neff!!" of un-
doped BaFe2As2 $Figs. 2!a" and 2!b"%;

Neff!!" =
2m0V

$e2 &
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where m0 stands for the free electron mass and V the cell
volume containing one Fe atom. The spectrum at T
=150 K just above TN shows slowly decaying conductivity
with a peak at !=0 and a long tail extending to 2000 cm−1

or higher. Below TN, the conductivity below 650 cm−1 is
suppressed and most of the suppressed spectral weight is
transferred to energies higher than 650 cm−1 forming a peak
around 1000 cm−1 as evidenced by the Neff!!" curves $Fig.
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=138 K. For x=0.04, TN shifts down to #80 K. The compounds
with x=0.06 and 0.08 show a sharp superconducting transition at
Tc=25 and 20 K, respectively. The inset shows the schematic phase
diagram of Co-doped BaFe2As2. Arrows indicate the compositions
for which we study in the present work.

0

1000

2000

3000

4000

Co
nd
uc
tiv
ity
(Ω
-1
cm

-1
)

5K 100K
125K 130K
135K 140K
150K

BaFe2As2

(a)

(b)

0 1000 20000

0.02

0.04

0.06

Wavenumber (cm-1)

! e
ff
(p
er
Fe
)

5K
100K
125K
150K

FIG. 2. !Color online" !a" Optical conductivity spectrum and !b"
Neff!!" of undoped BaFe2As2 at several temperatures below 150 K.
Below TN=138 K, low-energy conductivity is suppressed and the
suppressed weight is transferred to the higher-energy region up to
2000 cm−1 as evidenced by Neff curves which merge at around
2000 cm−1. An isosbestic point in "1!!" is identified at !
=650 cm−1.

NAKAJIMA et al. PHYSICAL REVIEW B 81, 104528 !2010"

104528-2

108 E. Fawcett et &I. »e ~ntiferrpmagnetism in chromiUm alloys

a)

I—

C5

O
C3

0)i00
v

Ru

Cr

b
0-

C)
C)
000
CU

F&&. 69. Fre uenrequency dependence of th
conductivity of C 11

e optical

SDw 11

~ a oys: (a) 1ncommensurate
mensurate SD~

(from Barker and D t
»loys

1tzenberger 1970)

2000 4000
FREQUENCY (cm ')

Mp
I

6000 2000 4000 6000
FREQUENCY (cm ~)

0.5

R Fe Ru
o

OFe
Mn

Re Mn

Mn R Ru
Cl 0,$—

0.2—

0~

~o
Re

pure Cr ~ Mn~Ru

I— go Mno
F'e RU

v MO

0
0

I

200 400
/EEL TEMPERATURE T~ (K)

600

FIG. 70. Ener anergy gap 2h in Cr allo s de
t fo th k'e pea in the infrared reAecti '

an ) and corn
en-

e against the Neel tern{ and 0) plotted
commensurate SDW 11a oys

1ne is a guide to th e eye suggestin a co
emperature Tz. Th h 'e c aln

eV, for the gap in th'n e commensurate SD
) ~

W systems Th d h
p oport1onal1ty of th

emperature in the co
e

mmensurate SDVr'

r er and Ditzenberger 1970'
a ., 1975); 0 and

Cr+ 1.0 ~ M lhger, 70). The two d

co
50 K and T =60 Kp e aving T =4 rc

a h p o ted in Fig. 54(a) at 25 K
and in Fig. 54(b} at 300 K i(incommensu-

.% Ru, having T~ =385
a er arker and Ditzenberger, 1970}.

the in
in 0.

&
occurs at a fre

alloys in Fihe incommensurate SD%' ig. 69(a), the peak
a requency corres on '

number around or b 1or e ow 1000 cm '. W
p nding to a wave

hen the corre-
he Neel tempera-ap is plotted vs t

oy as in Fig. 70, it is seen
hl „„;,n,l Th, "'" y

is is to bee expected for an
n antiferroma net r

condensation of elo e ectron-hole airs0 c - paiI's, since thc thcoI'y is
a ogous to the Bardeen-een-Cooper-Schneffe

n, I. o proportionality be-
& is ound to be, as illustrated in Fig. 70 a

value somsomewhat larger than the value

et al. , 1957).
wea y cou led sup d superconductor (Bardeen

The ddata plotted in Fig. 70 show in'g. s ow in three cases a point
incommensurate and the

SOW phases, since h
Fig. 69 were mea

' ce t e correspondin
an t e commensurate
n ing curves shown in

measured at difFerent
which the sampl

n temperatures at
p e was in one or the ofh CA1 lla oy system, however

ma were seen in th e reAectivit rati
er, two strong mini-

measured at the s p
sa w ichthesam leh ' su-p e as an incommensu-

The spectrum foa temperatures.
in and Stanford 19

to that for pure Cr (M
F tt, 1988 ) d '1

r achida et a/. 198
me values, 6,=0.12 CVan yields the sam

2= . e, for the two ener a ' rogyg p
see ig. 77 in Fawcett 19
fA1 h

interpret.
owever, the spectra are difficult to

Machida (1984) developed the thMachida 1 e theory of Kotani
on e canonical model ae and considering th

armonics of the inc
c

ommensurate SD%'.

quasiparticles cont
a t e resultant dis ersion'

p
' n relation of the

con ains two energy a s.g p . These were seen
c rare 6 ' ' pure Cr by Machidarare reAectivity of ur

ee igs. 76 and 77 of Fa
there is no sign of two

awcett, 1988a), but

f ~

o wo gaps in the low-tern
or incommensurate SX)

- emperature data

nor, for that matt
ae W allo s shoy wn m Fig. 69 (a)

a er, in pure Cr. Machi . ' vea . ac ida et al. believe
arge energy a chgy g p characteristic of th

igs. 9 and 70 corroborates

B. Elecectronic properties: Fermi surface

The principal tools for the ex er'p
e in r and Cr allo s

e

Haas —van Alphen
a oys have been the de

p en dHvA. ) effect dan the low-

Rev. Mod. Phys. , Voa. 66 N ., No. 1, January 1994

Cr alloys 

Barker et al. Phys. Rev B 1, 4378 (1970) 

optical conductivity Raman scattering 

•  opening of SDW gaps consistent with band folding 
•  residual Drude weight in the SDW state: incomplete gap 

Chauvière et al. Phys. Rev. B 84, 104508 (2011) 



can be assigned to the samples based on the Fe:Co ratio in the melt, it is important to

establish the actual Co content in the sample. For all of the 3d- and 4d-TM-dopings

reviewed here, the actual doping concentration has been determined by WDS measure-

ments on several samples, at several locations, on each of several cleaves. These data have

allowed for an assessment of the doping homogeneity as defined by twice the standard
deviation. For Co-doping, as well as for the other TM-dopings, the homogeneity is vastly

superior to what we were able to achieve for the K-doped BaFe2As2.

Figure 5 presents the normalized resistivity and magnetic susceptibility for representa-

tive samples of Ba(Fe1–xCox)2As2 (23). As Co replaces Fe, the resistive signature of the

combined structural and magnetic phase transition is suppressed and changes shape. In a

similar manner, the sharp decrease in magnetic susceptibility that occurs in BaFe2As2 is

broadened and suppressed as Co replaces Fe. At intermediate dopings, whereas there is still

a clear signature of structural and magnetic ordering, superconductivity becomes apparent
in both the resistivity and susceptibility data sets. For still higher Co-doping levels, the

resistive and magnetic signatures of structural and magnetic phase transitions are

suppressed, and the superconducting transition temperature passes through a maximum,

dropping with further Co substitution.

These data can be used to construct a T-x phase diagram, but to do this, one must relate

features in the thermodynamic and transport measurements to microscopic data. Figure 6

compares the results of neutron scattering measurements with resistivity and magnetic

susceptibility data for the x ¼ 0.047 sample of Ba(Fe1–xCox)2As2 (61). There are two clear
features in each of the dr/dT and dw/dT data sets. The lower-temperature one corresponds
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(a) The low-temperature, orthorhombic, and antiferromagnetically ordered state of CaFe2As2 that is
representative of the low-temperature state for BaFe2As2 and SrFe2As2. (b) The coupling of the
structural and antiferromagnetic phase transitions into a strongly first-order phase transition is clearly
observed in the temperature dependence of the intensity of a magnetic peak and the degree of
orthorhombicity (splitting of the a- and b-lattice parameters) (after References 57 and 58).
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Magneto-structural transition 

•  first order in (Ca,Sr)-112 but second order in Ba-122 
•  orthorhombic distorsion is less than 0.5% 
•  Spin driven structural transition ? 
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Splitting of the transition in Ba(Fe1-xCox)2As2 

magnetization 

transport 

neutrons 

•  magnetic and structural transitions split 
upon Co doping 
•  not observed in all systems (disorder?) 
•  fluctuating magnetic domains ? 
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Comparison of the temperature-dependent thermodynamic, transport, and scattering data from
Ba(Fe0.953Co0.047)2As2: (a) M(T)/H and dM(T)/HdT, (b) R(T)/R300K and dR(T)/R300KdT, (c) the inte-
grated intensity of the (200) nuclear reflection (circles) and the (1/2, 1/2, 1) magnetic reflection
(squares). The solid green line shows the power law fit to the higher-temperature, magnetic order
parameter. The vertical lines through all three panels indicate the structural (Ts), magnetic (TN), and
superconducting (Tc) transition temperatures (after Reference 61).
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Splitting of the transition in Ba(Fe1-xCox)2As2 
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Comparison of the temperature-dependent thermodynamic, transport, and scattering data from
Ba(Fe0.953Co0.047)2As2: (a) M(T)/H and dM(T)/HdT, (b) R(T)/R300K and dR(T)/R300KdT, (c) the inte-
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(squares). The solid green line shows the power law fit to the higher-temperature, magnetic order
parameter. The vertical lines through all three panels indicate the structural (Ts), magnetic (TN), and
superconducting (Tc) transition temperatures (after Reference 61).
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Spin-lattice coupling 
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•  phonon splitting much larger than expected from lattice distorsion alone 
•  strong spin-phonon coupling: modulation of the exchange constant by atomic motion 
•  linear relation between lattice distorsion, phonon splitting and magnetic moment 

!

both the electronic properties in the normal state and the
origin of superconductivity [18].

We prepared polycrystalline samples of CeFeAs1!xPxO
with x ¼ 0:05, 0.10, 0.20, 0.25, 0.30, 0.35, 0.37, 0.40, 0.43
using the method similar to CeFeAsO1!xFx [25]. The
resistivity and ac susceptibility measurements carried out
on these samples using a commercial physical property
measurement system confirmed the absence of supercon-
ductivity above T ¼ 1:8 K. In previous work, it was found
that CeFeAsO undergoes the tetragonal (space group
P4=nmm) to orthorhombic (space group Cmma) structural
transition below #158 K followed by a long-range com-
mensurate AFM order below#135 K [Figs. 1(a) and 1(b),
Ref. [13] ]. Similar to the electron doping of CeFeAsO via
fluorine substitution of oxygen, we find that phosphorus
replacement of arsenic on CeFeAsO also results in decreas-
ing the structural and magnetic phase transition tempera-
tures although here no charge carriers are doped into the
FeAs layer [Fig. 1(d)]. Within experimental accuracy, we

cannot separate the structural from the magnetic phase
transition for x $ 0:05. In the limit of the low-temperature
tetragonal structure (ao=bo ! 1) near x % 0:4, the static
long-range ordered moment vanishes [Fig. 1(e)] and the
system becomes tetragonal paramagnetic like CeFePO
[23]. Figure 1(f) plots the phosphorus doping dependence
of the orthorhombicity (ao=bo) and Fe ordered moment at
low temperature. The smooth linear decrease of the or-
dered moment that tracks the distortion suggests the pres-
ence of a lattice-distortion-induced magnetic quantum
phase transition through phosphorus doping. Although
similar measurements have not been carried out on the
electron-doped material such as BaFe2!xCoxAs2, the tem-
perature dependence of the lattice distortion versus ordered
magnetic moment in SrFe2As2 showed identical linear
behavior [26], thus suggesting that a direct coupling be-
tween the structural distortion and magnetism is a general
phenomenon in iron arsenides.
To illustrate how the phase diagram in Fig. 1(f) is

established, we show in Fig. 1(c) the phosphorus doping
dependence of the nuclear ð1; 1; 1ÞO and magnetic
ð1; 0; 2ÞM Bragg peaks (orthorhombic indexing) obtained
using triple-axis spectrometers (TAS). The ð1; 0; 2ÞM
magnetic peak was chosen because its structure factor
has no contribution from the Ce moment. Similar to
CeFeAsO1!xFx [13], we find that phosphorus substitution
of arsenic only suppresses the Fe ordered moment and does
not change the commensurate magnetic ordering wave
vector [Fig. 1(c)]. The suppression of the ð1; 0; 2ÞM mag-
netic scattering relative to the nuclear ð1; 1; 1ÞO peak is
seen near x % 0:4, suggesting the presence of a magnetic
quantum phase transition. For comparison, electron doping
via fluorine substitution of oxygen suppresses the static
AFM ordered moments more efficiently, near x % 0:04 and
0.06 for LaFeAsO1!xFx [12] and CeFeAsO1!xFx [13],
respectively.
Figure 2 summarizes the Ce and Fe Néel temperatures of

CeFeAs1!xPxO obtained by measuring the temperature
dependence of the Ce magnetic peak ð0; 0; 1ÞM [13] and
Fe ð1; 0; 2ÞM magnetic scattering. Inspection of the inset of
Fig. 2(a) reveals that the Ce long-range ordered moment
decreases very rapidly with increasing phosphorus concen-
tration and becomes difficult to detect for x > 0:25. The Ce
ordering temperatures, however, are only weakly x depen-
dent [Fig. 2(a)]. To quantitatively compare the phosphorus
doping dependence of the Fe ordered moment and Néel
temperature, we normalized the ð1; 0; 2ÞM magnetic inten-
sity to the nuclear Bragg peak and plotted their doping and
temperature dependence in Figs. 2(b) and 2(c). The Fe
ordered moment and ordering temperature gradually de-
crease with increasing x, and fall below our detection limit
of #0:2!B=Fe for x > 0:35.
To see how phosphorus doping affects the tetragonal to

orthorhombic lattice distortion, we plot in Fig. 3 the tem-
perature dependence of the nuclear ð2; 2; 0ÞT (here the
subscript denotes tetragonal structure) peak following pre-
vious practice [13]. As the crystal structure changes from

FIG. 1 (color online). (a) The three dimensional crystal lattice
structure of CeFeAsO. (b) The magnetic unit cell of Fe in
CeFeAsO. The Fe moments lie in the a-b plane and form an
antiferromagnetic collinear structure similar to that of LaFeAsO
[4], while nearest-neighbor spins along the c axis are parallel and
so there is no need to double the magnetic cell along the c axis
[13]. (c) Magnetic scattering at the Fe ð1; 0; 2ÞM peak, normal-
ized to the nuclear Bragg peak ð1; 1; 1ÞO. The vanishing magnetic
peak intensity is clearly seen near x# 0:4. (d) Experimentally
obtained structural and magnetic phase transitions temperatures
as a function of P substitution of As. The inset in (d) shows the
P dependence of the Ce AFM ordering temperatures. (e) The
ordered AFM moment of Fe is proportional to the orthorhom-
bicity (defined as ao=bo) of the system and becomes zero at
ao=bo ! 1 (f) P-doping dependence of the orthorhombicity and
Fe ordered moments. The Fe ordering temperatures are noted in
the inset.
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Anisotropic transport 

•  very large transport anisotropy at low temperature 
•  extremely strong sensitivity of properties to stress above TS: nematic susceptibility   

Chu et al. Science 329, 824 (2010) 
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transport in mechanically detwinned crystals 
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Nematic order ? 

anisotropy (or nematic susceptibility?) is maximum 
around onset of SC order 

transport in mechanically detwinned crystals 
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tivity. The present work provides comprehensive optical spectra
of BaFe2As2 covering wide energy and temperature ranges.

Results
Fig. 1A shows the temperature (T) dependence of the resistivity
of as-grown BaFe2As2 along the a and b axes (ρa and ρb, respec-
tively). The measurements were conducted by applying uniaxial
pressure of about 50 MPa to make the crystal almost twin-free.
For the as-grown crystal, anisotropy appears at temperatures
about 80 K higher than Tsð¼ 138 KÞ and persists down to the
lowest measurement temperature. After annealing (see SI Text),
the resistivity jumps up in the b direction and drops in the a di-
rection at Ts (¼143 K), as shown in Fig. 1B. The anisotropy of
resistivity appears only at temperatures 30–40 K above Ts, and
the resistivity becomes nearly isotropic at low temperatures.
In Fig. 1C, note that the anisotropic resistivity ratio ðρb − ρaÞ∕
ðρa þ ρbÞ, which may serve as a nematic order parameter, reaches
a maximum slightly below Ts and decreases as temperature is low-
ered. From the sharper transition in the annealed crystal, we
speculate that it would be of first order if the compound becomes
much cleaner (a discontinuous first-order transition is more
clearly seen in SrFe2As2 and CaFe2As2) (26, 27).

Although the anisotropy of resistivity is strongly diminished at
low temperatures, it is found that the optical spectra show robust
anisotropy. Fig. 2 A and B shows the temperature evolution of
the optical conductivity spectra of detwinned BaFe2As2 (after an-
nealing) over a wide energy range for the a- and b-axis polariza-
tions [σaðωÞ and σbðωÞ], respectively (see Materials and Methods
and SI Text for the details for obtaining the optical conductivity).
Both spectra are identical within the present experimental preci-
sion at temperatures above 200 K in stark contrast to the result
taken by Dusza et al. (25). Note that the measurement was
carried out under uniaxial pressure even in the tetragonal phase
above Ts, evidencing that the applied pressure hardly affects the
charge dynamics. A small difference is discernible between σa and
σb only at T ¼ 150 K in the region at approximately 400 cm−1

(see also the plot in SI Text) where the σb spectrum (in green)
shows a slight decrease relative to the spectrum at 200 K (in or-
ange). However, the σa spectra at the two temperatures show no
significant change. As analyzed and discussed below, the decrease
in σb indicates the opening of a precursory gap associated with a
fluctuating (or short-range) order.

Upon cooling to less than Ts ¼ 143 K, a rapid reduction in
conductivity is observed below approximately 600 cm−1 in σa
and below approximately 850 cm−1 in σb reflecting a sudden on-
set of the long-range order at Ts. The low-energy conductivity is
more strongly suppressed in the b direction. This suppression is
partly due to the rapid narrowing of a conductivity peak at ω ¼ 0
(a Drude peak), but mainly due to the opening of gaps. The open-
ing of gaps is also evident from the appearance of a bump in σa
(a cusp in σb) at approximately 340 cm−1, as well as by the growth

of a peak centered at 950 cm−1 in σa (1;050 cm−1 in σb), which is
formed by accumulating the low-energy conductivity that is re-
duced due to the gap. From a comparison between the missing
spectral weight (SWorNeffðωÞ, the energy integral of the reduced
conductivity with respect to that at T ¼ 200 K) in the low-energy
gap region and the increased SW in the peak region, it is found
that almost all the reduced conductivity is accumulated to form
the peak in σaðωÞ. On the other hand, the missing SW in σb is
transferred not only to the peak at 1;050 cm−1 but also to a much
higher-energy region, as mentioned below (see SI Text). As a re-
sult, the anisotropy of conductivity persists up to 17;000 cm−1

(approximately 2 eV), as shown in the spectra at T ¼ 5 K in Fig. 3.
Below 1;350 cm−1, σb is lower than σa, whereas above 1;350 cm−1

the anisotropy is reversed. Note that the gap feature appearing at
approximately 340 cm−1 in both σa and σb plays a minor role in
this SW transfer.

In the region from 1,500 to 5;000 cm−1, a reduction in conduc-
tivity is observed for σaðωÞ with a decrease in temperature from
250 K. The increased conductivity in the higher-energy region
between 5,000 and 9;000 cm−1 exactly compensates for the re-
duced spectral weight, indicative of the opening of another gap
or a blueshift of the energy of the interband transition between
the relevant energy bands. Independent of the SW transfer below
1;500 cm−1, the transfer in the region from 1,500 to 5;000 cm−1

starts at T ¼ 300 K or higher, progresses steadily down to 140 K,
and then slows down.

The high-energy σb spectrum also shows a similar temperature
dependence down to T ¼ 200 K. However, below 200 K, the de-
crease in conductivity between 1,500 and 5;000 cm−1 is modest,
but its increase above 5;000 cm−1 (up to 17;000 cm−1) is appreci-
able, particularly below 150 K. Clearly, the reduced SW below
850 cm−1 is transferred to this energy region, accounting for the
1;050-cm−1 peak, which is not so developed in comparison with

A B C

Fig. 1. Temperature dependence of the in-plane resistivity of detwinned
BaFe2As2, ρa (blue) and ρb (red). (A) For the as-grown crystal, anisotropy
starts at approximately 220 K and persists down to the lowest measurement
temperature. (B) Annealing decreases residual resistivity and increases mag-
netostructural transition temperature T s (at the peak in ρb). (C) Annealing
markedly decreases the overall anisotropy, both themagnitude and tempera-
ture ranges.

A

B

Fig. 2. Temperature evolution of the optical conductivity spectrum of det-
winned BaFe2As2 for polarization parallel to the a and b axes. The crystal is
twin-free as long as compressive pressure is applied in one direction. (Inset)
The crystalline a and b axes, as well as the spin alignment with respect to the
pressure direction, are shown. Rapid suppression of low-energy conductivity
is seen in both spectra below 140 K, just below T s ¼ 143 K. Spectra at
temperatures well above T s show weak T dependence showing no incipient
gap feature. A precursory gap is observed only for the b-axis spectrum at
T ¼ 150 K. Singular features (a spike at 257 cm−1 and a cusp at 334 cm−1)
appear only in σbðωÞ.
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strong reduction of Drude weight along 
b-direction only 

optical conductivity 

strong in-plane anisotropy of the electronic properties 

Chu et al. Science 329, 824 (2010) Nakajima et al. PNAS 108, 12238 (2011) 



Nematic order ? 
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sample #1 is also shown in the Fig. 2, and it suggests an
increase of ρbo below the transition. A similar increase
of the resistivity in the direction transverse to the strain
and a decrease of the resistivity for the direction along the
strain is observed in both Ba122 and Ca122. Moreover,
the anisotropy value immediately below TTO is of similar
magnitude to 1.2 (Ca122) and 1.5 (Ba122), see Fig. 5
below. Thus calculated ρbo in pure Ba122 crystals is
very close to actually measured in crystals with stress-
detwinning [7].
To check if the temperature dependence of ρbo(T ) is a

good approximation to real behavior, we measured resis-
tivity in a Sn-grown sample #2 (shown in the top panel
of Fig. 2), that was squeezed by applying mild stress
through potential contacts. Squeezing leads to a pref-
erential domain orientation with the short orthorhombic
bo direction along the current path. Although the state
thus obtained was not as fully detwinned, it revealed the
expected trend in ρbo(T ) with increase at TTO.
The resistivity of the sample #1, used in the x-ray

study, reveals very weak anisotropy above the transi-
tion. To check if this anisotropy is associated with in-
trinsic anisotropy of the unstrained state (i.e. nematic-
ity) or induced by the strain vector itself breaking ro-
tational symmetry, we performed a systematic study of
resistivity as a function of applied strain on yet another
sample, #3. In the bottom panel of Fig. 2 we show
temperature-dependent resistivity of the sample mechan-
ically detwinned with systematically increasing strain.
Strain value can be estimated to be in the 1 to 5 MPa
range. All curves were measured in identical thermal cy-
cle conditions on warming at a rate of 1 K/min. As can
be seen, the resistivity change above the transition in the
samples strained barely enough to achieve a detwinned
state (as found in polarized optical microscopy study)
does not find any trace of anisotropy above the transi-
tion. With further strain increase, the resistivity changes
its temperature dependence in the nominally tetragonal
crystallographic phase and the transition is preceded by
a range of decreased resistivity extending approximately
10 K above the transition. This observation suggests
that small ∼1% anisotropy found in sample #1 above
the transition is induced by strain vector.
In Fig. 3 we show the temperature evolution of the

(220)T peak in x-ray Laue patterns obtained on sample
#1 of Sn-grown Sr122. Similar images were taken every
10 K at temperatures in the range up to 240 K with finer
1 K steps in the vicinity of the transition. As can be seen
in the images taken at 200 K (middle panels in Fig. 3), the
orthorhombic and tetragonal phases coexist at the tran-
sition, clearly showing a first order type of transition, as
in previous studies in twinned samples [2, 23]. The mag-
nitude of the orthorhombic distortion, seen as peak split-
ting, right below the transition is approximately 60% of
the distortion at 5 K. At 201 K only the tetragonal peak
is observed in both the strained and unstrained areas.

FIG. 5. Temperature dependence of resistivity anisotropy,
ρbo/ρao − 1 in three AFe2As2 compounds. The anisotropy
monotonically increases with ionic radius of the rare earth ele-
ment, peaks at or slightly below the structural transition, and
then remains relatively constant. Notable anisotropy above
the transition is observed only in A=Ba compound, with a
weakly first order character of the structural transition.

These two observations clearly show that strain neither
changes the first order character of the transition, nor its
temperature TTO (the latter is consistent with the effect
seen in resistivity measurements).

To get further insight into the behavior of the struc-
tural order parameter, δ ≡

(ao−bo)
(ao+bo)

, we made a quantita-
tive analysis of the temperature-dependent x-ray peaks
(shown for selected temperatures in Fig. 3). The peak po-
sition was determined by fitting the intensity to a Gaus-
sian shape, as shown in inset in Fig. 4.

The temperature dependence of the order parameter
for the orthorhombic phase in strained and strain-free
parts of the sample is shown in Fig. 4. The difference be-
tween the curves for strained and unstrained parts of the
crystal as well as the tiny residual orthorhombicity above
TTO reflect the residual effect of strain. For comparison
in Fig. 4 we show the calculated resistivity anisotropy of
sample #1 in the orthorhombic plane, ρbo/ρao − 1. The
value of ρao was measured directly in detwinned state of
the sample. The value of ρbo was calculated from ρao
and resistivity measured in a twinned state of the sam-
ple, ρt, assuming random statistic averaging. As can be
seen from comparison of the two quantities in Fig. 4,
their relative changes above the transition are coinciding
within error bars. Together with systematic evolution of
resistivity in the tetragonal phase as a function of strain,
Fig. 2, this observation suggests that the tiny effect in
resistivity above the transition comes from permanently
applied strain. In our high resolution and high dynamic
range x-ray measurements we can exclude the contribu-
tion of local orthorhombic areas [16] in the tetragonal
phase at the level of approximately 0.1% volume.
In Fig. 5 we plot resistivity anisotropy as determined

from measurements on three parent compounds of 122

•  no anisotropy above Ts for Ca122 and Sr122 
•  first order vs second order transition 
•  nematic phase above TS is not generic  
•  Fluctuating magnetic domain  

Blomberg et al. Phys. Rev. B 83, 134505 (2011)  

Dhital et al. arXiv (2011)  

small stress induced large shift of TS,N 



found for the stressed crystals. However, whereas the splitting in
the stressed samples persists well above TS, it decreases rapidly
starting around TSDW and diminishes slightly above TS for the
unstressed samples (Fig. 3E). That is, for an unstressed crystal,
the electronic structure respects C4 symmetry well above TS.
Approaching TS, rotational symmetry is broken as an anisotropic
band shift rapidly develops between the dyz and dxz orbitals, lead-

ing to a symmetry broken electronic structure in the orthorhom-
bic state (Fig. 4). In the case of a stressed crystal, the extended
temperature window above TS in which anisotropy persists can
be understood as arising from the small uniaxial stress in the
sample, which acts as a symmetry-breaking field for the structural
phase transition, smearing out TS into a cross-over temperature
while leaving TSDW well defined and little affected with increasing

A

B E F

C
D

Fig. 3. Temperature and doping dependence: Anisotropic band shift observed above T SDW on detwinned BaðFe1-xCoxÞ2As2. (A) Temperature dependence of
anisotropic band dispersion (second derivative) along Γ-X and Γ-Y high-symmetry lines taken on BaFe2As2 through TS∕T SDW (138 K), with 47.5 eV photons
(kz ¼ 0). Γ-X (Γ-Y ) cuts weremeasured under polarization setup of Fig. 2A (Fig. 2B). Along Γ-X, only dyz orbital is highlighted by photoemissionmatrix elements
on the high-symmetry cut, whereas the same is true for dxz orbital along Γ-Y . Band guides to the eye are drawn to indicate the shift with temperature. Dotted
lines are bands from the PM state for comparison. (B) FS of BaFe2As2 taken above TS∕T SDW confirming C4 symmetry, with 54 eV photons (kz ¼ π∕2). The image
shown at the X∕Y point to the right of Γ is the second derivative of corresponding FS at the X∕Y point to the top of Γ for better contrast. (C) Temperature
dependence of the anisotropic band dispersion between Γ-X and Γ-Y (second derivatives) on BaðFe0.975Co0.025Þ2As2 through T SDW (94.5 K), with 62 eV photons
(kz ¼ π). (D) Samemeasurements on unstressed twinned sample for comparison. (E) Energy position of hole dispersions near X (green) and Y (red) relative to EF

at the representative momentum marked by yellow lines in C plotted as a function of temperature, measured on both detwinned and unstressed crystals,
compared with resistivity measurements reproduced from ref. 15. (F) Doping dependence of the dxz∕dyz band splitting measured at momentum k ¼ 0.9π∕a
taken at 10 K, with 47.5 eV photons (kz ¼ 0).
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pressure (15). The extended temperature window above TSDW in
which anisotropy persists induced by the uniaxial stress reveals a
large intrinsic electronic nematic susceptibility. We note that,
although a lattice distortion exists below TS, it is too small to
account for the large magnitude of the energy splitting we observe
in the orthorhombic PM state, as a nonmagnetic band calculation
accounting for the lattice distortion shows only a splitting of
10 meV (see SI Text), well below the observed value of up to
80 meV.

We also carried out a more detailed doping-dependence study
of the anisotropic energy splitting between the dyz and dxz bands
at a temperature (10 K) well below TSDW on both twinned and
detwinned crystals in the underdoped region (see SI Text), which
confirms that the full magnitude of the splitting is little affected
by the uniaxial stress. Moreover, the magnitude of the splitting
decreases monotonically with doping (Fig. 3F)—a trend consis-
tent with the suppression of the magnetic ordering temperature
and structural distortion (40), as well as optical conductivity mea-
surement on detwinned crystals showing smaller dichroism for
doped samples compared to the parent compound (41). This
composition dependence contrasts with transport measurements,
for which the maximum in-plane resistivity anisotropy is observed
not for zero doping, but dopings closer to the superconducting
dome (15).

Discussion
Our findings have several important implications for theories of
the electronic structure of the iron pnictides. First, we observe
that a large rotational symmetry-breaking modification of the
electronic structure occurs from the tetragonal PM state to the
orthorhombic SDW state, providing a microscopic basis for the
many signs of in-plane anisotropy reported in literature (12–16,
41). Furthermore, this broken symmetry is also revealed here to
be manifested in an unbalanced occupation in the dyz and dxz
orbitals, which develops almost fully at TSDW. This observation
alone does not distinguish the origin of the structural phase tran-
sition. The large amplitude of the band splitting draws attention
to the possibility that the orbital degree of freedom might play
an important role. In this context, it is worth noting that, although
it is experimentally difficult to calculate the orbital anisotropy
over the whole BZ, a simple estimate based on a modified band

structure calculation incorporating experimentally observed orbi-
tal splitting shows the orbital anisotropy over the entire FS to
be on the order of only 10–20% (see SI Text), which is too small
to be associated with a simple Kugel–Khomskii type orbital
ordering (42). Finally, the electronic anisotropy seen in the orbi-
tal degree of freedom is observed to onset at a temperature well
above the structural transition in stressed crystals. This tempera-
ture window, which indicates the involvement of fluctuations,
appears to be bigger for doping levels closer to the superconduct-
ing dome, a trend also seen in transport measurements, suggest-
ing that fluctuation effects, possibly of orbital origin, may play
an important role in high-temperature superconductivity in the
iron pnictides.

Materials and Methods
High-quality single crystals of BaðFe1-xCoxÞ2As2 were grown using the
self-flux method (10). Detwinned single crystals of BaðFe1-xCoxÞ2As2 were
obtained using a modified version of the mechanical device reported by
Chu et al. (15), where uniaxial stress was applied at room temperature
and stressed crystals cooled down to measurement temperature before
cleaving in situ. ARPES measurements were carried out at both beamline
5-4 of the Stanford Synchrotron Radiation Lightsource and beamline
10.0.1 of the Advanced Light Source using SCIENTA R4000 electron analyzers.
The total energy resolution was set to 15 meV or better and the angular
resolution was 0.3°. Single crystals were cleaved in situ at 10 K for low-tem-
perature measurements, 80 K (60 K) for temperature-dependence measure-
ments on undoped (doped) compound, and 150 K for high-temperature
measurements. All measurements were done in ultrahigh-vacuum chambers
with a base pressure lower than 4 × 10−11 torr.

We note that our detwinning method does not affect the intrinsic
electronic structure of the crystal because a mixture of the FS and band
dispersions along the two directions on detwinned crystal reproduces those
observed on the twinned crystal, as expected under domain mixing (Fig. 1).
Furthermore, the high degree of detwinning is evident in contrasting band
dispersions along the two orthogonal directions. For example, the bands
highlighted by the arrow along Γ-X (Fig. 1H) are almost indiscernible along
Γ-Y on a highly detwinned sample (Fig. 1I), whereas for a partially detwinned
crystal, faint traces of these bands would be seen along Γ-Y due to mixing
of Γ-X and Γ-Y .

ACKNOWLEDGMENTS. The authors are grateful for helpful discussions with
C.-C. Chen, R.-H. He, I. I. Mazin, Y. Ran, D. J. Singh, F. Wang, D.-H. Lee,
J. P. Hu, and Z. Y. Lu. ARPES experiments were performed at the Stanford
Synchrotron Radiation Lightsource and the Advanced Light Source, which
are both operated by the Office of Basic Energy Science, US Department

Fig. 4. Schematic of development of anisotropy in electronic structure of underdoped BaðFe1-xCoxÞ2As2. In the tetragonal PM state (Left), both lattice and spin
have C4 rotational symmetry which is reflected in the observed C4 symmetric electronic structure. C4 rotational symmetry is also preserved in the orbital content
as dxz band along Γ-Y and dyz band along Γ-X are degenerate (solid lines in center). As the system approaches TSDW, C4 rotational symmetry in orbital degree of
freedom is broken as the dxz band shifts down and dyz band shifts up (dashed lines in center). The anisotropy in the band dispersions is then manifested in the
lowered symmetry of the orthorhombic SDW state, as the observed FS is strongly anisotropic reflecting the C2 rotational symmetry of the spin and lattice
structure (Right). Red (blue) pockets indicate hole (electron) character, whereas magenta indicates pockets resulting from hybridization of electron and hole
features.
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•  C4 symmetry is broken 
•  splitting larger than expected from structural distorsion 
•  orbital degrees of freedom may play a role in the 

magneto-structural transition 

ARPES on detwinned crystals 
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rotational symmetry, as well as the translational symmetry,
is already broken above TS.

To probe ’, we use the fact that the nematic order
couples to the elastic degrees of freedom of the lattice
[11,19]: in orthorhombic fluctuations, present for T > TS,
bonds connecting antiparallel spins are expanded, whereas
those connecting parallel spins contract [20,21] (see
Fig. 1). There is therefore an energy cost associated with
such an orthorhombic fluctuation, characterized by the
shear modulus Cs ! C66. Shear strain (!S ¼ 2"xy, where
""# is the strain tensor) and the nematic order parameter
are linearly coupled in the energy:

Sel-mag ¼ $
Z
x
!sðxÞ’ðxÞ; (2)

i.e., they order simultaneously. Here $> 0 is the
magnetoelastic coupling constant and

R
x % % % ¼R

T&1

0 d%
R
d3r % % % . Assuming a harmonic lattice for

$ ¼ 0, with bare (high-temperature) shear modulus Cs;0,
we obtain the renormalized Cs in Eq. (1). Note that the
static nematic susceptibility &nem ¼ &nemðq ! 0Þ is a four-
spin correlation function, given by &nemðqÞ ¼ h’q’&qi&
h’qi2, where ’q denotes the Fourier transform of ’ðxÞ.
From Eq. (1), we see that nematic fluctuations soften the
lattice in the Tet phase (T > TS). A divergence of &nem

brings Cs to zero, signaling the onset of the Tet-Ort
transition.

To probe the shear modulus in the pnictides, RUS [22]
was performed on undoped BaFe2As2 and optimally doped
BaFe1:84Co0:16As2 single crystals grown out of FeAs flux
[23]. More than 20 mechanical resonance frequencies f

were detected. Since the crystals have 6 independent elastic
constantsCij in the Tet phase, it is clear that each resonance
line f will be proportional to a combination of Cij.
Extraction of the full elastic tensor is not possible due to
samples size limitations, but information about Cs ¼ C66

can be obtained. Because the samples undergo a Tet-Ort
transition, Cs must get soft by symmetry. Numerical simu-
lations of the resonance spectrum show that this soft Cs

dominates several of the measured lines, with f2 / Cs [22].
Following this procedure we present (Fig. 2) the T

dependence of two resonance frequencies that are repre-
sentative of a larger set of Cs-dominated lines. The ob-
served reduction in f2 indicates a dramatic softening of Cs.
In the undoped case [Fig. 2(a)], this softening is cut off by a
simultaneous structural-AFM weak first order transition at
TS ¼ 130 K. In the optimally doped case [Fig. 2(b)],
where no AFM or structural transitions are present, the
softening continues to lower temperatures until it is
truncated by the SC transition at Tc ¼ 22 K. In order to

FIG. 1 (color online). Left-hand panel: In-plane magnetic or-
dering of the pnictides. The two iron atoms present in one
tetragonal unit cell (open blue circles and filled red circles)
form two coupled AFM sublattices with coplanar staggered
magnetization m1 and m2. Right-hand panel: In the disordered
phase, the spins in the two sublattices fluctuate around two
arbitrary staggered magnetization directions. In the nematic
phase, these two Néel vectors are locked either parallel
(’> 0) or antiparallel (’< 0) to each other, but still with
hm1i ¼ hm2i ¼ 0. The coupling between the nematic and the
elastic order parameters makes the bonds between neighboring
parallel (antiparallel) spins contract (expand).
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FIG. 2 (color online). Temperature dependence of the RUS
measured squared resonant frequency f2 (red points), and of
the calculated shear modulus Cs ! C66 of the tetragonal phase
(solid blue line), for both (a) undoped BaFe2As2 and
(b) optimally doped BaFe1:84Co0:16As2.
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Figure 4. Heuristic snapshot of pairing of two test spins by ferromagnetic spin

fluctuations.
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parity (singlet pairing) channel. The total pairing vertex in the triplet (singlet) channel

is Γt = 1
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This function at small frequency has a maximum at q=0, meaning correlations are indeed

ferromagnetic. Thus due to the negative sign in the equation for Γ↑↑ (note χ0 > 0 and

Uχ0 < 1 to prevent a magnetic instability), pairing is attractive in the triplet channel

and singlet superconductivity is suppressed.

Antiferromagnetic spin fluctuations. In the context of heavy fermion systems it was

realized [52, 53] that strong antiferromagnetic spin fluctuations in either the weak or

strong coupling limit lead naturally to spin singlet, d-wave pairing. The weak coupling

argument has been elegantly reviewed by Scalapino [54]. Suppose the susceptibility is
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This function at small frequency has a maximum at q=0, meaning correlations are indeed

ferromagnetic. Thus due to the negative sign in the equation for Γ↑↑ (note χ0 > 0 and

Uχ0 < 1 to prevent a magnetic instability), pairing is attractive in the triplet channel

and singlet superconductivity is suppressed.

Antiferromagnetic spin fluctuations. In the context of heavy fermion systems it was

realized [52, 53] that strong antiferromagnetic spin fluctuations in either the weak or

strong coupling limit lead naturally to spin singlet, d-wave pairing. The weak coupling

argument has been elegantly reviewed by Scalapino [54]. Suppose the susceptibility is

strongly peaked near some wave vector Q. The form of the singlet interaction

Γs(k,k
�) =

3

2
U2 χ0(q)

1− Uχ0(q)
(6)

if we neglect terms which are small near the RPA instability Uχ0(q) → 0 [55]. This

now implies that Γs(q) is also peaked at this wavevector, but is always repulsive.

Nevertheless, if one examines the BCS gap equation for this interaction

∆k = −
�

k�

�
Γs(k,k

�)
∆�

k

2E �
k

tanh
E �

k

2T
, (7)solution allowed if Δ changes sign 

In cuprates: susceptibility is peaked at Q=(π,π)	
 d-wave gap 

s+-
 gap 
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CONTENTS 32

straightforward. Here the matrix Λ characterizes the pairing interaction, and F =� ωB

0 dE tanh(
√
E2+∆2

2T )/
√
E2 +∆2 . The intermediate boson frequency sets the cut-off

frequency. Assuming that the order parameter ∆ varies little within each sheet of the

Fermi surface, while differing between the different sheets, Equation (19) is reduced to

the original expression of [104, 105]:

∆i =
�

j

Λij∆jF (∆j, T ), (20)

where i, j are the band indices and Λ is an asymmetric matrix related to the symmetric

matrix of the pairing interaction V , Λij = VijNj, where Ni is the contribution of the

i-th band to the total DOS. It can be shown that in the BCS weak coupling limit the

critical temperature is given by the standard BCS relation, kTc = �ωD exp(−1/λeff ),

where λeff is the largest eigenvalue of the matrix Λ. The ratios of the individual order

parameters are given by the corresponding eigenvector. Note that although the matrix

Λ is not symmetric, its eigenvalues (but not eigenvectors!) are the same as those of the

symmetric matrix
√
NV

√
N .

Furthermore it is evident from Equation 20 that unless all Vij are the same, the

temperature dependence of individual gaps does not follow the canonical BCS behavior.

For instance, in a two-band superconductor where the intraband coupling dominates,

the smaller gap opens initially at a very small value, and only at a temperature

corresponding to its own superconducting transition (not induced by the larger gap) it

starts to grow. This effect is gradually suppressed as the interband coupling approaches

the geometrical average of the intraband couplings, but as the interband coupling starts

to dominate the gaps again show non-BCS temperature dependence. In this limit,

however, it is the larger gap that deviates more from the BCS behavior.

It was realized in 1972 [106] that Equations (19) and (20) may have solutions even

when all elements of the interaction matrices Λ are negative, i.e., repulsive. The simplest

example is a off − diagonal repulsion: V11 = V12 = 0, V12 = V21 = −V < 0. In this

case the solution reads: λeff =
√
Λ12Λ21 = |V12|

√
N1N2, ∆1(Tc)/∆2(Tc) = −

�
N2/N1.

At lower temperatures the gap ratio becomes somewhat closer to 1.

It is important to bear in mind that actual FeBS materials have more than two

bands — rather four or five. These may all have different gap magnitudes, and possibly

angular dependences, as discussed in Section 5.

3.4. Disorder in multiband superconductors.

Experiments on impurity substitution [107, 108, 109] and proton irradiation [110] have

given the impression that Tc is suppressed generally more slowly than the maximum

rate obtained for pure interband scattering in the symmetric model, which is identical

to the AG universal Tc suppression curve. It is worth advising the reader to interpret

Tc suppression experimental results with caution, for several reasons. First, in some

cases not all the nominal concentration of impurity substitutes in the crystal. Second,

“slow” and “fast” Tc suppression cannot be determined by plotting Tc vs. impurity
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Fig. 12. Real space Fourier transform of the irreducible singlet vertex r,,( I, o,~ = 0) versus the separation I between the 
pairs. 

greatest strength at large momentum transfer, then from Eq. (15) it follows that A,, must change 
sign on the Fermi surface as illustrated in Fig. 5(c) . Self-consistent conserving calculations [ 39,401 
based on the spin-fluctuation exchange diagrams which include the full momentum and Matsubara 
frequency dependence give a low-temperature gap in close agreement with the simple L~~L_~z form 
A,,( cos px - cos pJ . 

It is interesting to contrast this interaction with the effective interaction for a weak-coupling low- 
temperature superconductor. In this case, 

(16) 

with the first term arising from the phonon exchange and the second term the screened Coulomb 
interaction. Even when the polarization sum and Umklapp processes are included, the screened 
Coulomb term severely reduces V,, and can even make it positive. However, if we examine the 
interaction Eq. ( 16) in time, we find that 

Re (Veff(t)) = Re 
.i 

dw 
G e-‘“’ (V,,(iw,, -+ w + is)) 

= - ((gJ2 sinw,t) + (17) 

Here the brackets denote an average of the momentum transfer q over the Fermi surface. The point is 
that the Coulomb interaction acts only over a short time, here represented by a broadened &function 
and set by the inverse bandwidth (or the plasma frequency, if it is smaller than the bandwidth), 
while the attractive electron-phonon interaction is retarded by the slower lattice response. Thus if the 
electrons making up the pair correlate themselves in time to avoid the short-time Coulomb repulsion, 
they can then take advantage of the attractive electron-phonon mediated interaction. This behavior 
is seen in the frequency dependence of the gap found by solving the Eliashberg equations [ 411. 
Red(o) increases as the typical phonon energy w. is approached, goes negative when w exceeds o. 
and the lattice response is out of phase with the drive, and then remains negative out to large values 
of w. This latter feature simply reflects the fact that the electrons making up the pair avoid short-time 
close-range encounters. It means that 

Gap structure and spin fluctuation pairing 
•  weak electron-phonon coupling 
•  proximity of AF order suggests spin fluctuation pairing 
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Figure 4. Heuristic snapshot of pairing of two test spins by ferromagnetic spin

fluctuations.

Γ↑↓ =
U

1− U2χ0
2(k� − k)

+
U2χ0(k� + k)

1− U2χ0
2(k� + k)

(4)

= U2

�
3

2
χs − 1

2
χc

�
+ U, (5)

where we have defined χs ≡ χ0/(1−Uχ0) and χc = χ0/(1+Uχ0), and in the last step we

have changed −k to k in the second term of Γ↑↓ because we assume we work in the even

parity (singlet pairing) channel. The total pairing vertex in the triplet (singlet) channel

is Γt = 1
2Γ↑↑ (Γs = 1

2(2Γ↑↓ − Γ↑↑)). In the original paramagnon theory, χ0(q) is the

noninteracting susceptibility of the (continuum) Fermi gas, i.e. the Lindhard function.

This function at small frequency has a maximum at q=0, meaning correlations are indeed

ferromagnetic. Thus due to the negative sign in the equation for Γ↑↑ (note χ0 > 0 and

Uχ0 < 1 to prevent a magnetic instability), pairing is attractive in the triplet channel

and singlet superconductivity is suppressed.

Antiferromagnetic spin fluctuations. In the context of heavy fermion systems it was

realized [52, 53] that strong antiferromagnetic spin fluctuations in either the weak or

strong coupling limit lead naturally to spin singlet, d-wave pairing. The weak coupling

argument has been elegantly reviewed by Scalapino [54]. Suppose the susceptibility is

strongly peaked near some wave vector Q. The form of the singlet interaction

Γs(k,k
�) =

3

2
U2 χ0(q)

1− Uχ0(q)
(6)

if we neglect terms which are small near the RPA instability Uχ0(q) → 0 [55]. This

now implies that Γs(q) is also peaked at this wavevector, but is always repulsive.

Nevertheless, if one examines the BCS gap equation for this interaction

∆k = −
�

k�

�
Γs(k,k

�)
∆�

k

2E �
k

tanh
E �

k

2T
, (7)

singlet repulsive interaction (Stoner-Hubbard) 
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Fig. 11. The irreducible singlet particle-particle interaction Gs (4, w,,, = 0) versus q along the ( 1, 1) direction for (n) = 0.87, 
U = 4t, and T = 0.251. The solid points are Monte Carlo data and the open circles are third-order perturbation theory results. 

However, in the absence of a small parameter, the cross-graphs (c) and (d) as well as the vertex 
corrections (f) and (g) may not be negligible, and Eq. ( 12) is an uncontrolled approximation. Now, 
it is possible to use Monte Carlo simulations to calculate the complete irreducible particle-particle 
interaction r,, and this has been done [37] on an 8 x 8 lattice with U/t = 4, (n) = 0.875, at a 
temperature T = 0.25t. The results, which were obtained for the singlet channel with 4 along the 
q1 = qY axis, are plotted in Fig. 11 as the solid points. The open circles represent the third-order 
perturbation theory calculation for comparison. Just as found from the RPA interaction, the irreducible 
particle-particle interaction in the singlet channel, rls increases at large momentum transfers. Note 
that while the bare interaction U = 4 t, Tls becomes greater than 20t for q = (TT, T), even at the 
relatively high temperature T = 0.25t, at which this simulation was run. 

Now, at this stage, let us pause in order to understand the nature of the attractive interaction 
represented by rls. The effective interaction plotted in Fig. 11 is positive. Can such an interaction 
cause pairing? The answer is yes, but to get a physical feeling for how this occurs, it is useful to 
look at the interaction in real space, 

r,,(z) = i C e+r,,, (4) 

The real space Fourier transform of the Monte Carlo results for rls are plotted in Fig. 12. Here one 
sees that if two electrons are on the same site, r,,Y(l) is large and repulsive. However, if they are 
on near-neighbor sites, r,,s( I) is attractive. Viewed in this way, the interaction appears as a giant 
Friedel oscillation, and if the two electrons can spatially arrange themselves to take advantage of the 
attractive regions of the interaction, it is possible that they can pair. In fact, Monte Carlo calculations 
of the Bethe-Salpeter equations [38] show that the interaction Trs is attractive in the d,,?_!: pairing 
channel. To understand this, consider the BCS gap equation 

( 14) 

A,, = - c v,,,, f & , (15) 
II’ I’( 

with p and p’ near the Fermi surface shown in Fig. 5(b). If Vr,pj = Tls(p - p) is positive with its 

Pairing interaction for cuprates 
(Monte Carlo and 3rd order perturbation theory) 
Repulsive! 
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Fig. 11. The irreducible singlet particle-particle interaction Gs (4, w,,, = 0) versus q along the ( 1, 1) direction for (n) = 0.87, 
U = 4t, and T = 0.251. The solid points are Monte Carlo data and the open circles are third-order perturbation theory results. 

However, in the absence of a small parameter, the cross-graphs (c) and (d) as well as the vertex 
corrections (f) and (g) may not be negligible, and Eq. ( 12) is an uncontrolled approximation. Now, 
it is possible to use Monte Carlo simulations to calculate the complete irreducible particle-particle 
interaction r,, and this has been done [37] on an 8 x 8 lattice with U/t = 4, (n) = 0.875, at a 
temperature T = 0.25t. The results, which were obtained for the singlet channel with 4 along the 
q1 = qY axis, are plotted in Fig. 11 as the solid points. The open circles represent the third-order 
perturbation theory calculation for comparison. Just as found from the RPA interaction, the irreducible 
particle-particle interaction in the singlet channel, rls increases at large momentum transfers. Note 
that while the bare interaction U = 4 t, Tls becomes greater than 20t for q = (TT, T), even at the 
relatively high temperature T = 0.25t, at which this simulation was run. 

Now, at this stage, let us pause in order to understand the nature of the attractive interaction 
represented by rls. The effective interaction plotted in Fig. 11 is positive. Can such an interaction 
cause pairing? The answer is yes, but to get a physical feeling for how this occurs, it is useful to 
look at the interaction in real space, 

r,,(z) = i C e+r,,, (4) 

The real space Fourier transform of the Monte Carlo results for rls are plotted in Fig. 12. Here one 
sees that if two electrons are on the same site, r,,Y(l) is large and repulsive. However, if they are 
on near-neighbor sites, r,,s( I) is attractive. Viewed in this way, the interaction appears as a giant 
Friedel oscillation, and if the two electrons can spatially arrange themselves to take advantage of the 
attractive regions of the interaction, it is possible that they can pair. In fact, Monte Carlo calculations 
of the Bethe-Salpeter equations [38] show that the interaction Trs is attractive in the d,,?_!: pairing 
channel. To understand this, consider the BCS gap equation 

( 14) 

A,, = - c v,,,, f & , (15) 
II’ I’( 

with p and p’ near the Fermi surface shown in Fig. 5(b). If Vr,pj = Tls(p - p) is positive with its 

Pairing interaction is attractive for specific regions 
in real space 

Scalapino. Phys. Rep. 250, 329 (1995) 



Gap symmetry vs gap structure 

•  spin fluctuation pairing naturally leads to s+- symmetry in pnictide 
•  Coulomb interband interaction is responsible for both SDW and SC phase 
•  gap symmetry does not tell much about presence of nodes 

•  possible source of anisotropy around FS: orbital content, intraband interaction, FS topology 
•  crucial role of nesting properties 
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Figure 1. Cartoon of order parameters under discussion in the Fe-pnictide
superconductors represented in the 2-dimensional, 1-Fe Brillouin zone. Different colors
stands for different signs of the gap.

aspects. This makes it more reasonable to look for those few commonalities which exist

and to assume, even without profound theoretical insight, that these commonalities are

important for high Tc. Some of these obviously include proximity to magnetism and

quantum criticality, or substantial anisotropy of the Fermi surface (quasi-2D) and it is

has already been argued by many that one should look for a combination of these factors

to search for novel superconductors [26].

1.2.4. Gap symmetry and structure. The group theoretical classification of gap

structures in unconventional superconductors is somewhat arcane and has been amply

reviewed elsewhere [27]. Here we present the simplest notions relevant to the discussion

of symmetry and structure of the order parameters under discussion in the Fe-based

superconductors at present. In the absence of spin-orbit coupling, the total spin of the

Cooper pair is well-defined and can be either S = 1 or S = 0. Experimental data appear

to rule out spin triplet states (see Section 4), so we focus on the spin singlet case. We

focus first on simple tetragonal point group symmetry. In a 3D tetragonal system, group

theory allows only for five one-dimensional irreducible representations: A1g (“s-wave”),

B1g (“d-wave” [x2 − y2]), B2g (“d-wave” [xy]), A2G (“g-wave” [xy(x2 − y2)]), and Eg

(“d-wave” [xz, yz]) according to how the order parameter transforms under rotations by

90
◦
and other operations of the tetragonal group. In Figure 1 we have illustrated two of

these symmetries, namely s-wave and dx2−y2-wave for the toy model. Note that the s++

same symmetry but different gap structure! 

DFT calculations 
Mazin, Physica C 469, 614 (2009) 

Maier et al. Phys.Rev. B 79, 224510 (2009) 
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Multiple gaps in optimally-doped K-Ba122 
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Figures 12(d)-(f). The full superconducting gap size 2∆ is given by the distance between

the two coherence peaks in the symmetrized EDCs. The superconducting gap is also

characterized by its momentum dependence on each FS, which are shown in Figures

12(g)-(i). The kF points where these data were collected are indicated in Figure 12(j).

Figure 12 summarizes the data from Ding et al. [17]. Unlike the SC gap in the

cuprates, these experiments show clearly the absence of nodes along all the Fermi surface

pockets, ruling out any order parameter with a d-wave symmetry. The invariance of the

coherence peak positions in the symmetrized EDCs shown in Figures 12(g)-(i), as well

as further refined measurements with the He Iα line [18], indicate that the gaps are

indeed isotropic. Interestingly though, the gap size is not unique and varies from band

to band. More precisely, the gap size is around 12 meV along the quasi-nested FSs,

yielding to 2∆/kBTc ratios of about 7.5, while the gap size along the non-quasinested β

FS pocket drops to 6 meV. We note that although the SC gap seems to disappear above

Tc, the temperature evolution of the SC gap size does not follow the BCS function and

shows a much steeper drop while approaching Tc. Isotropic gaps have been reported not

only in the 122-pnictides [17, 79], but also in the 111-pnictide [57, 58], the 1111-pnictide

[60] and the 11-chalcogenide [71] systems.

Figure 12. (Colour online) Three-dimensional plot of the SC gap size (∆) measured
at 15 K on three FS sheets (shown at the bottom as an intensity plot) and their
temperature evolutions (inset). From Ding et al., Europhy. Lett., 83, 47001 (2008)
[17], copyright c� (2008) by the European Physical Society.

To explain these intriguing results, two main models have been proposed for the

pairing mechanism: the FS quasi-nesting model and the local AF exchange pairing

model. These two models are radically different. Essentially, the basic question

to discriminate one from the other is: Does pairing occur due to interactions in

the momentum-space or in the real-space? Historically, the former model gained

Fe-based superconductors: an ARPES perspective 22

directly determined by the electronic structure and by the mechanism responsible for

the pairing of charge carriers. Although ARPES is not directly sensitive to the phase,

it allows precise measurement of the momentum dependence of the SC gap size, which

serves as a powerful tool to validate or invalidate theoretical models. The previous

statement is particularly true for multi-band systems, for which the interpretation

of transport measurements, which may be momentum-sensitive but not momentum-

resolved, becomes difficult or even impossible.

Figure 11. (Colour online) Superconducting gap of Ba0.6K0.4Fe2As2. (a)-(c)
Temperature dependence of the EDCs on the α, β and δ Fermi surfaces, respectively.
The kF position of the EDCs is given on the schematic FS (in the 2 Fe/unit cell
representation) displayed in the inset of panel (a). (d)-(f) Corresponding symmetrized
EDCs. (g)-(i) Momentum dependence of symmetrized EDCs at 15 K along the α, β
and δ Fermi surfaces, respectively. The kF position are given on the FS displayed in
panel (j) in the 1 Fe/unit cell representation. Squares, circles and triangles correspond
to the kF positions on the α, β and δ Fermi surfaces, respectively. Filled and empty
symbols refer to real and symmetrized data, respectively. Adapted from Ding et al.,
Europhy. Lett., 83, 47001 (2008) [17], copyright c� (2008) by the European Physical
Society.

The first ARPES determinations of the SC gap in Fe-based superconductors were

obtained on optimally-doped Ba0.6K0.4Fe2As2 [17, 79]. Figures 12(a)-(c) show the

temperature evolution of EDCs from Ding et al. recorded with the He Iα resonance

line on the α, β and γ Fermi surfaces, respectively [17]. As temperature decreases below

Tc, a coherence peak develops on each FS, indicating the opening of a superconducting

gap, which is better visualized from the corresponding symmetrized EDCs displayed in

Ding et al. Europhys. Lett. 83, 47001 (2008) 

FS dependent pairing strength (3.5 - 7 kBTc) 

Tc=37K 
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•  at least 2 gaps around electron and hole pockets 
•  up to three different gaps have been reported  
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Specific Heat in Co-Ba122 

F. Hardy et al.

[50] Guritanu V., Goldacker W., Bouquet F., et al. ,
Phys. Rev. B, 70 (2004) 184526.

Fig. 2: (a) Phase diagram of Ba(Fe1−xCox)2As2 derived from
our specific-heat (circles) and thermal-expansion (squares)
measurements. (b) Sommerfeld coefficient γn and the resid-
ual density of states γr. Measurements of Mu et al. [28] are
shown for comparison. (c) Normalized specific-heat jump. The
dashed line represents the BCS value ∆C/γnTc=1.43. (d)-(e)
Reduced gaps and band densities of states (normalized to 1
mole of superconducting material) derived from the two-band
analysis. Solid lines are guides to the eye.
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Fig. 2: (a) Phase diagram of Ba(Fe1−xCox)2As2 derived from
our specific-heat (circles) and thermal-expansion (squares)
measurements. (b) Sommerfeld coefficient γn and the resid-
ual density of states γr. Measurements of Mu et al. [28] are
shown for comparison. (c) Normalized specific-heat jump. The
dashed line represents the BCS value ∆C/γnTc=1.43. (d)-(e)
Reduced gaps and band densities of states (normalized to 1
mole of superconducting material) derived from the two-band
analysis. Solid lines are guides to the eye.
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•  significantly smaller gaps: one smaller than BCS weak coupling ratio one bigger 
•  role of anisotropy? 

coupled single-band superconductor, is close to weak-
coupling value. In addition, Ces is significantly larger than
the BCS curve, for T /Tc!0.4, again arguing against strong-
coupling effects. Figure 3!a" also shows the specific heat of a
single-band d-wave superconductor in the weak-coupling
limit !green line".41 It is obvious that such a k-dependent gap,
even in a strong coupling or a two-band scenario, cannot
describe the observed low-temperature exponential behavior
that can be inferred from the data.

We therefore focus our discussion on the possibility of
two energy gaps, using the phenomenological two-band
"-model, introduced by Bouquet et al.15,29 It allows a fit of
the specific heat from low temperatures up to Tc and, as a
result, gives reliable gap amplitudes that were shown to
agree quantitatively with band calculations on MgB2 in
particular,15,30 and with Eliashberg equations in general.31 In
this fit, the specific heat is taken as the sum of contributions
from two bands, which are calculated independently assum-

ing a BCS temperature dependence of the superconducting
gaps. Two gap magnitudes, at T=0, are introduced as adjust-
able parameters, "1=#1!0" /kBTc and "2=#2!0" /kBTc, to-
gether with a third quantity, $i /$n!i=1,2", which measures
the fraction of the total normal EDOS that the i-th band
contributes to the superconducting condensate.42 As shown
in Fig. 3!b", the two-band fit !with "1=0.95, "2=2.2, and
$1 /$n=0.33" accurately reproduces the specific heat over the
entire temperature range. These gap values conform to the
theoretical constraints that one gap must be larger than the
BCS gap and one smaller in a weakly coupled two-band
superconductor.32 Moreover, they are comparable with those
derived from recent NMR !Ref. 33" and
%SR-penetration-depth measurements34 !see Table II", but
differ appreciably, by at least a factor 1.5, from ARPES
data.8

Ba!Fe0.925Co0.075"2As2 also shares similar properties with
NbSe2, another candidate for multiband superconductivity, as
illustrated by thermodynamic measurements35,36 and ARPES
spectra.37 The specific heat of both NbSe2 and
Ba!Fe0.925Co0.075"2As2 show no sign of an incipient steep in-
crease of C!T" below Tc, which is the conspicuous signature
of the small gap in MgB2.14 This increase is particularly
pronounced in MgB2 because !i" #2 /#1 is about twice as
large as in Ba!Fe0.925Co0.075"2As2 and NbSe2, !ii" each gap
gives an equal contribution, $2 /$1#1, to the specific heat of
MgB2. In contrast, in both NbSe2 and Ba!Fe0.925Co0.075"2As2
the major-gap contributions strongly dominate, with $2 /$1
roughly equal to 4 and 2.3, respectively.

We now discuss to what extent our results are consistent
with the predicted s+− order parameter.4–7 In
Ba!Fe0.925Co0.075"2As2, the major gap develops around the
Fermi-surface sheet that shows the largest EDOS, while it is
theoretically expected that #1 /#2&$N2 /N1, in the limit of
pure interband pairing.38 Our result is not incompatible with
the s+−-state, and could indicate that either intraband interac-
tions are significant !as pointed out in Ref. 38", or that more
than two bands are involved in the pairing mechanism.39 The
large residual EDOS observed in the superconducting state,
in the present data, actually favors the s+−-state, since non-
magnetic scattering centers !e.g., Co dopant" are expected to
be pair breaking for this particular state in the Born limit.6,40

In summary, a detailed analysis of the electronic specific
heat of Ba!Fe0.925Co0.075"2As2 provides strong evidence of a
multigap order parameter. Our data are fit very well by a
two-band s-wave model. Further, we derive a reliable pho-
non contribution that permits to extract accurate values of the
normal-state Sommerfeld coefficient.

TABLE II. Gap ratios 2#1!0" /kBTc, 2#2!0" /kBTc and weights
$1 /$n as determined by the two-gap model and by different
techniques.8,33,34

Technique x 2#1!0" /kBTc 2#2!0" /kBTc $1 /$n

C !T" 0.075 1.9 4.4 0.33
NMR 0.070 1.8 7.2 0.4
%SR 0.070 1.565 3.768 0.345
ARPES 0.075 4.1 6.4

FIG. 3. !Color online" !a" The electron specific heat of the su-
perconducting sample !x=0.075", normalized to 1 mol of supercon-
ducting condensate, compared with the specific heat of single-band
s-wave !blue line" and d-wave !green line" order parameters, in the
weak-coupling limit. !b" The electron specific heat of the supercon-
ducting sample !x=0.075", normalized to 1 mol of superconducting
condensate. The red curve represents a two-gap fit. The blue and
green curves are the partial specific-heat contributions of the two
bands.
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London penetration depth in Co-Ba122 

•  significantly smaller gaps: one smaller than BCS weak coupling ratio one bigger 
•  fit must be done self-consistently: one cannot assume two independent BCS T dependences 
•  different techniques may be sensitive to different FS (effective mass, Fermi velocity….) 

Prosorov et al. Rep. Prog. Phys.. 74, 124505 (2011) 
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Figure 14. Top panel: λ−2 ∝ ns versus T for underdoped, optimally
doped and overdoped concentrations for batch 1. A sample from
batch 2 is shown for comparison. Bottom panel: normalized
superfluid density, ρs ≡ ns(T )/ns(0) = (λ(0)/λ(T ))2.

Cooper pairs and parts of the Fermi surface are gapped by
the SDW as was discussed above. The overdoped sample,
x = 0.01, despite having smaller Tc than the ones with
x = 0.074, shows the highest ns. Obviously, the data scatter
is significant. Therefore, the only reliable conclusion is that
penetration depth increases dramatically upon entering the
coexisting region. The overdoped side has to be studied
more to acquire enough statistics. Furthermore, comparing
two samples with x = 0.074 from two different batches
reveals an even more striking difference. Not only does
the sample from batch 2 have larger n, but the temperature
dependence of ρs in the full temperature range is also quite
different. The pronounced convex shape (positive curvature)
of ρs(T ) observed in all samples from batch 1 at the elevated
temperatures becomes much less visible in sample 2. The
bottom panel of figure 14 clearly demonstrates this difference,
which is hard to understand based purely on geometrical
considerations (different thicknesses). It seems that thicker
samples of batch 1 had a higher chance of being chemically
inhomogeneous across the layers. On the other hand, the
convex shape of ρs(T ) at elevated temperatures is a sign of
two-gap superconductivity [56], which depends sensitively on
the interaction matrix, λνµ, see section 3.2 and equation (34).
This feature becomes more pronounced when the interband
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Figure 15. Normalized superfluid density for sample 2. Symbols
show the data and the solid lines represent partial and total ρ(T )
obtained from a fit to equation (41). Also shown are the clean
(dashed gray lines) and dirty (dotted gray lines) single-gap s- and
d-wave cases. The inset shows superconducting gaps obtained
self-consistently during the fitting, see equation (37).

coupling, λ12, becomes smaller compared with the in-band
coupling potentials, λ11 and λ22. If our interpretation that
the difference between x = 0.074 samples from batch 1
and batch 2 is due to enhanced pair-breaking scattering in
batch 1, this would indicate that this scattering is primarily
of interband character, so it disrupts the interband pairing.
Additional information regarding the role of scattering in
determining the anomalous convex behavior was obtained
from the microwave cavity perturbation measurements on
FeSe0.4Te0.6 single crystals [36]. Both real and imaginary
parts of complex conductivity allowed the determination of
λ(T ) and temperature-dependent scattering time from which
a crossover from dirty to clean limit upon cooling has been
proposed. All these results provide indirect leverage to the s±
scenario where interband coupling plays the major role.

The normalized superfluid density for sample 2 is analyzed
in figure 15 using the two-band γ -model described is
section 3.2. Symbols show the data and the solid lines represent
partial, ρ1(T ) and ρ2(T ), as well as total ρs(T ) obtained
from the fit using equation (41). The fit requires solving
the self-consistent coupled ‘gap’ equations, equation (37),
which are shown in the inset in figure 15. Parameters
of the fit are as follows: λ11 = 0.80, λ22 = 0.49,
λ12 = 0.061, γ = 0.87. We used a Debye temperature
of 250 K [4] to obtain the correct Tc via equation (38) that
fixed λ11 and gave λ̃ = 0.41. We also assumed equal
partial densities of states on the two bands, so the value of
γ = 0.87 most likely comes from the difference in the k-
dependent Fermi velocities, but may also reflect the fact that
densities of states are not equal. Indeed, the presented fitting
parameters should not be taken too literally. The superfluid
density is calculated from the temperature-dependent gaps
(inset in figure 15) and close temperature dependences can
be obtained with quite different fitting parameters. However,
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coupling, λ12, becomes smaller compared with the in-band
coupling potentials, λ11 and λ22. If our interpretation that
the difference between x = 0.074 samples from batch 1
and batch 2 is due to enhanced pair-breaking scattering in
batch 1, this would indicate that this scattering is primarily
of interband character, so it disrupts the interband pairing.
Additional information regarding the role of scattering in
determining the anomalous convex behavior was obtained
from the microwave cavity perturbation measurements on
FeSe0.4Te0.6 single crystals [36]. Both real and imaginary
parts of complex conductivity allowed the determination of
λ(T ) and temperature-dependent scattering time from which
a crossover from dirty to clean limit upon cooling has been
proposed. All these results provide indirect leverage to the s±
scenario where interband coupling plays the major role.

The normalized superfluid density for sample 2 is analyzed
in figure 15 using the two-band γ -model described is
section 3.2. Symbols show the data and the solid lines represent
partial, ρ1(T ) and ρ2(T ), as well as total ρs(T ) obtained
from the fit using equation (41). The fit requires solving
the self-consistent coupled ‘gap’ equations, equation (37),
which are shown in the inset in figure 15. Parameters
of the fit are as follows: λ11 = 0.80, λ22 = 0.49,
λ12 = 0.061, γ = 0.87. We used a Debye temperature
of 250 K [4] to obtain the correct Tc via equation (38) that
fixed λ11 and gave λ̃ = 0.41. We also assumed equal
partial densities of states on the two bands, so the value of
γ = 0.87 most likely comes from the difference in the k-
dependent Fermi velocities, but may also reflect the fact that
densities of states are not equal. Indeed, the presented fitting
parameters should not be taken too literally. The superfluid
density is calculated from the temperature-dependent gaps
(inset in figure 15) and close temperature dependences can
be obtained with quite different fitting parameters. However,
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Probing the phase - Cuprates: reminder 

Q 

tricristal experiment 

cristal orientations: π ring  

Tsuei et al. Rev. Mod. Phys. 72, 969 (2000) 

paramagnetic contribution to the total shielding has also
been observed in Nb Josephson-junction arrays, and
modeled using a conventional resistively shunted junc-
tion model (Barbara et al., 1999).

Sigrist and Rice (1997) argued that the paramagnetic
Meissner effects observed in conventional superconduct-
ors are qualitatively different from those in granular
BSCCO, both in terms of the size of the effect, which is
much larger in granular BSCCO, and in terms of its time
dependence, which is metastable in Al disks (Geim
et al., 1998) and Nb films (Terentiev et al., 1999), but not
in BSCCO granular samples. Scanning SQUID micro-
scope images of the magnetic-flux distribution in a
granular BSCCO sample exhibiting a large Wohlleben
effect showed a large polarization of the distribution of
the magnetic fluxes at zero externally applied field, indi-
cating that spontaneous magnetization, as opposed to
flux-focusing effects, are indeed responsible for the
paramagnetic signal (Kirtley, Mota, et al., 1998).

The origin of the paramagnetic Meissner effect in
granular BSCCO samples is now of reduced interest, at
least in terms of a test of the pairing symmetry of the
cuprate superconductors, since such tests are now rou-
tinely performed in controlled geometries. Nevertheless,
it appears that the debate over this very interesting ef-
fect will continue for some time.

IV. PHASE-SENSITIVE TESTS OF PAIRING SYMMETRY

A number of phase-sensitive experimental techniques
have been developed in recent years to determine the
symmetry of the pair state in cuprate superconductors
(for early reviews see Scalapino, 1995; Van Harlingen,

1995; Annett et al., 1996). A common feature of these
symmetry experiments is that instead of relying on the
quantitative magnitude of the Josephson current, they
seek a qualitative signature of unconventional super-
conductivity: sign changes in the Josephson critical
current Ic .

A. SQUID interferometry

Wollman et al. (1993) did the first phase-sensitive test
of pairing symmetry in a controlled geometry, based on
quantum interference effects in a YBCO-Pb dc SQUID.
In the ‘‘corner SQUID’’ geometry,14 Fig. 8(a), Joseph-
son weak links were made between Pb thin films and
two orthogonally oriented ac- (or bc-) plane faces of
single crystals of YBCO. If YBCO is a d-wave supercon-
ductor, there should be a ! phase shift between weak
links15 on adjacent faces of the crystal. Wollman et al.
(1993) tested for this phase shift by measuring the
SQUID critical current as a function of "a , the exter-
nally applied magnetic flux through the SQUID. The
critical current of the SQUID is the maximum of

Is!Ia sin #a"Ib sin #b , (39)

where Ia (Ib) and #a (#b) are the critical currents and
phases of the a (b) junctions, respectively. This maxi-
mum must be calculated subject to the constraint that
the phase be single valued [Eq. (33)]:

2!n!#a##b"$"2! ! IaLa

"0
#

IbLb

"0
"

"a

"0
" , (40)

where La and Lb are the effective self-inductances of
the two arms of the ring, and $!0 or ! for a zero ring or
a ! ring, respectively. This results in a roughly sinusoidal
dependence of Ic on "a . If the self-inductances are
small, or if the self-inductances and the junction critical
currents are symmetric, then Ic has a maximum at "a
!0 for a zero ring, but minimum at "a!0 for a ! ring.
In the experiments of Wollman et al. (1993), the junction
Ic’s and L’s were not necessarily balanced, leading to
shifts in the Ic vs "a characteristics. This effect was cor-
rected for by measurements at several values of the dc
applied current through the SQUID. This was possible
because of noise rounding of the current-voltage charac-
teristics of these SQUID’s. The phase shift was then
plotted as a function of dc current through the SQUID,

14This experimental geometry was suggested independently
by Sigrist and Rice (1992).

15The weak links of Wollman et al. (1993) were nominally of
the SNS type, since they had no intentional insulating
layer. However, their current densities were three orders
of magnitude smaller than, for example, typical
Pb-Cu-Pb superconducting-normal-superconducting junctions
(Clarke, 1966). They were therefore probably more like tunnel
contacts. Annett et al. (1996) have argued that it is plausible
that the pair transfer matrix Tk,l [Eq. (21)] is strongly peaked
in the forward direction for both SNS and tunneling weak
links, making the Sigrist-Rice clean relation [Eq. (26)]
applicable.

FIG. 8. Experimental geometry used for the experiments of
Wollman et al. (1993, 1995): (a) corner SQUID configuration;
(b) edge SQUID configuration; (c) corner junction; and (d)
edge junction.
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Neutron resonance in Co-Ba122 

•  collective spin excitation below 2Δ at QAF 
•  fingerprint of a sign changing gap and residual AF fluctuations 
•  observed in various families (11, 122, 1111…) and other SC: cuprates; heavy fermions… 
•  no truely conclusive phase sensitive test up to now  (phase shift in Josephson loops, qp 

interferences…) 

Korshunov et al. Phys.Rev.B 81, 024511 (2009) 
Mazin et al. Phys. Rev. Lett. 101, 057003 (2008) Christianson et al. Nature 456, 930 (2008) 

Isonov et al. Nature Phys. 6, 178 (2010) 

Tc=25K 
Spin excitation spectrum in SC state 



Gap anisotropy in Co-Ba122 

Terashima et al. PNAS 2009 

ARPES sees isotropic  and large gaps Thermal conductivity: anisotropic gap 
or very small gap (but no nodes) 

Tanatar et al. PRL 2009 

•  Surface vs bulk issue? 
•  ARPES resolution? 



Gap anisotropy in Co-Ba122 

•  Field dependence of the low temperature residual term of electronic specific heat: 
anisotropic gap but doping dependent! 

•  Optimal doping: full gaps 
•  Under and overdoped: siginficant anisotropy 

Gofryk et al. Phys. Rev. B 83, 064513  (2011) 
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FIG. 4: (Color online) (a) The magnetic field dependence
of the low temperature specific heat of Ba(Fe1−xCox)2As2
(circles: x = 0.045, triangles: x = 0.105, squares: x = 0.08).
Empty and full symbols represent unannealed and annealed
data respectively. (b) the same data as above presented as
∆γ(H)/(γn − γ0) vs. H/Hc2. The doted, solid and dashed
lines described the field dependencies of the low temperature
specific heat according to clean s-48, anisotropic s-49 and clean
d-wave50 models respectively.

ously, none of the specific heat data can be described by
a single s or d-wave model8,10,38,41. This is also true for
other Fe-based superconductors (see for instance Ref.42–
44). Clearly there are additional low energy excitations
not captured by a single gap and, at least, a two gap sce-
nario is necessary to describe the experimental results in
this system8,10,38,41. Furthermore, several curves have a
hump at intermediate temperatures (for instance the an-
nealed overdoped sample at 9 K) which can be taken as
evidence for multiband SC as in MgB2

36. In addition to

the suppression of the residual linear and Schottky terms,
the finite temperature dependence of Cel/T for under-
doped and overdoped samples changes with annealing,
while there is no significant change at optimal doping.
This can be seen clearly in the insets of figure 1. In
particular, the low temperature dependence of the over-
doped sample changed from Cel/T = γ0+BT 1.7 for the
unannealed crystal to Cel/T = γ0+BT 1 for the annealed
crystal. For the underdoped annealed sample the tem-
perature range over which the behavior C/T = γ0+BT 1

is visible is limited due to the lower Tc, but the change
in the temperature dependence at finite temperature is
readily apparent from figure 2. In none of the samples
do we find evidence for the C ∼ T 3/2 behavior expected
for samples with accidental points nodes in 2D45 perhaps
due to the finite number of impurities present in even the
cleanest sample measured.

The temperature dependence of the specific heat of an-
nealed and unannealed samples, taken at different mag-
netic fields applied along the c-axis is shown in Fig.3. The
field dependence of the residual linear term plotted in
fig.4a is extracted from this data by extrapolating the low
temperature specific heat to 0 K (from the temperature
above the Schottky anomaly). ∆γ(H) ≡ γ0(H)− γ0(0T )
reflects the rate of quasiparticle production with mag-
netic field. For the unannealed optimally doped and
overdoped samples (Figs 3c and 3e), aside from a broad-
ening of the low temperature upturn with increasing
field, C/T shifts rigidly upward as has been reported
previously8,9,38. The effect of annealing has remarkably
different effects on the field dependence of the two dop-
ings however. For optimal doping the effect of a mag-
netic field on the annealed crystal continues to be a rigid
shift of C/T with increasing magnetic field, although the
magnitude of ∆γ(H) is reduced by a factor of two rela-
tive to the unannealed crystal. For the overdoped sam-
ple however, the change in the residual linear term as a
function of magnetic field ∆γ(H) grows by 40% in the
annealed crystal compared with the unannealed sample.
Furthermore, as we noted above the overdoped annealed
sample has a temperature dependence of C/T=γ0+BT 1

in the low temperature limit. The application of a
magnetic field restores the temperature dependence to
C/T=γ0(H) + BT 2. The behavior on the underdoped
crystals is qualitatively similar to that for the overdoped
crystals. Again annealing enhances ∆γ(H) from 3.7 to
8.8 mJ/mol K2 in the underdoped sample.

In an effort to determine whether the opposite evo-
lution in the field dependence as a function of anneal-
ing was due to a simple change in Hc2 or [γn-γ0(0T)]
we plot in figure 4b the field dependence of the resid-
ual linear term of the specific heat scaled by [γn-γ0(0T)]
versus H/Hc2. Hc2 was obtained from the specific heat
determined Tc(H) and applying the WHH formula46 to
obtain Hc2(0), and is in reasonable agreement with the
measured values of Hc2

47 where available. For under
and over-doping the field dependence of γ scales with the
unannealed crystals. However, at optimal doping there is
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FIG. 5: (Color online) (a) Optimal doping, x = 0.08. Theo-
retical fits (lines) to experimental data for annealed sample.
(b) Overdoped regime, x = 0.105. Theoretical fits (lines)
to experimental data for unannealed (open symbols) and an-
nealed (filled symbols) sample.

would contradict an increase in doping to account for the
increase in Tc. The increase in the spin density wave
transition with annealing is also observed in the parent
compound51 and in Co-doped SrFe2As219.
The presence of a finite residual linear term could orig-

inate from a sample which contains both superconduct-
ing and non-superconducting portions of a sample. Con-
sequently, one might imagine that annealing is simply
trading non-superconducting portions for superconduct-
ing portions. However, as shown in Fig.7, the volume
of the superconducting fraction, as measured by mag-
netic susceptibility, does not change significatively for
the x = 0.105 sample. The fact that the overall mag-
netic field dependence at optimal doping is suppressed in
the annealed sample further disproves such a suggestion8.

FIG. 6: (Color online) The temperature dependencies of nor-
malized electrical resistivity of unannealed (squares) and an-
nealed (circles) Ba(Fe0.955Co0.045)2As2. Arrows mark the an-
tiferromagnetic phase transition. Inset: low temperature part
of the resistivity.

FIG. 7: (Color online) The temperature dependencies of
magnetic susceptibility of unannealed (empty symbols) and
annealed (filled symbols) Ba(Fe0.895Co0.105)2As2. The ZFC
measurements have been performed on the same sample with
the filed parallel to the ab plane of the crystal.

Some fraction of the residual gamma may still originate
from non-superconducting portions of the sample, but
we believe the change as a function of annealing is most
likely accounted for by a difference in the number of pair
breaking impurity scatterers. However, we should cau-
tion that annealing clearly does more than just change
the number of pair breaking impurity sites, as evidenced



Gap anisotropy in Co-Ba122 
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2D vs 3D Fermi surfaces 

Hole FS 

Electron FS 

Brouet et al. PRB 80, 165115 (2009) 

kz is tuned via incident photon energy 

Note: 11 and 1111 families are more 2D 



Directionnal thermal conductivity in Co-Ba122 
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FIG. 7: Temperature dependence of the a-axis thermal
conductivity κa, plotted as κa/T vs T , for six samples of
Ba(Fe1−xCox)2As2, with x as indicated, in a magnetic field
H = 0, 4, and 15 T (data taken at other fields are not shown
for clarity). These are the six samples labelled A in Table II.
The lines are a power-law fit to the data below T = 0.3 K,
namely κ/T = a+bT

α−1. The fit is used to extrapolate κa/T

to T = 0 and thus obtain the residual linear term κa0/T . The
power α is in the range from 2 to 2.5. The values of κa0/T are
listed in Table II for H = 0, and plotted vs H in Fig. 8, for
all nine a-axis samples. Solid black squares on the T = 0 axis
give the residual linear term in the normal-state thermal con-
ductivity, κaN/T , obtained from the residual resistivity ρa0 of
the sample via the Wiedemann-Franz law (see Table II).

of magnitude steeper.) As found previously over the con-

centration range 0.048 ≤ x ≤ 0.114,22 we again find

κa0/T � 0, within error bars, now over a wider range:

0.042 ≤ x ≤ 0.127. This is consistent with a separate

report that κa0/T � 0 in Co-Ba122 at x = 0.135.23

Upon application of a magnetic field, κa0/T increases,

as displayed in Fig. 8 for all nine a-axis samples. For

three concentrations, we have a pair of a-axis crystals

with nominally the same Co concentration. As can be

seen, the two curves in each pair are in good agreement

with each other, within the ± 20 % uncertainty in the

geometric factor and the error bar on the extrapolations.

IV. DISCUSSION

The results of our study are summarized in Fig. 9,

where the κ0/T values of all 21 samples are plotted vs x,
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FIG. 8: Field dependence of the residual linear term κa0/T

in the a-axis thermal conductivity of our nine a-axis single
crystals of Co-Ba122, with x as indicated. Underdoped com-
positions are shown of the left, overdoped compositions on the
right. For three concentrations, two different crystals with
nominally the same x value, labelled A (circles) and B (tri-
angles), were measured (see Table II).

normalized to their respective normal-state value κN/T .

A. Gap nodes

1. Zero magnetic field

Our central finding is the presence of a substantial

residual linear term κ0/T in the thermal conductivity

of Co-Ba122 in zero field, for heat transport along the c

axis. It implies the presence of nodes in the supercon-

ducting gap, such that ∆(k) = 0 for some wavevectors

k on the Fermi surface.34–36,39,47 Because heat conduc-

tion in a given direction is dominated by quasiparticles

with k vectors along that direction,34,35 the fact that

κ0/T is negligible when heat transport is along the a

axis, at all x, implies that the nodes are located in re-

gions of the Fermi surface that contribute strongly to

c-axis conduction but very little to in-plane conduction.

The anisotropy of κ0/T becomes pronounced as x moves

away from the critical doping xs � 0.06, in either direc-

tion. For x > 0.06, we see that the a/c anisotropy in

κ0/κN is at least a factor 10 (see Fig. 9). Such a large

anisotropy is not expected in a scenario of isotropic pair-

breaking,48 and it confirms that the residual linear term

seen in the c direction is due to nodes.

At the highest doping studied here, x = 0.127,

κ0/κN = 0.34 ± 0.03 for J || c. (This is for sample

A, which has the lowest Tc in the overdoped regime;

see Table I.) This magnitude is typical of superconduc-

tors with a line of nodes in the gap. In the heavy-

fermion superconductor CeIrIn5, with Tc = 0.4 K and

Hc2 � 0.5 T, κ0/κN � 0.2.40,49 In the ruthenate super-

conductor Sr2RuO4, with Tc = 1.5 K and Hc2 = 1.5 T,

κ0/κN � 0.1 − 0.3 (depending on sample purity).38 In

8

ing x. Part of this decrease must be due to a drop in
the overall strength of superconductivity, as measured
by the decreasing Tc. We can factor out that effect by
multiplying κ0/κN by Tc, as shown in Fig. 10. We see
that κ0/κN×Tc vs x is far from constant, as it would be if
the decrease of ∆(k) vs x was uniform, independent of k.
In a d-wave superconductor, for example, S would typi-
cally scale with the gap maximum ∆0, which itself would
scale with Tc, giving a constant product κ0/κN×Tc (for a
constant Γ0). By contrast, in Co-Ba122 the slope of the
gap at the nodes decreases faster than that part of the
gap structure which controls Tc. In other words, ∆(k)
must be acquiring a stronger and stronger k dependence,
or modulation, with increasing x.
In the underdoped regime, for samples with x = 0.048

and lower, the metal is antiferromagnetic10 and its Fermi
surface is reconstructed by the antiferromagnetic order.
Nevertheless, a residual linear term κc0/T is still observed
at H = 0 (see Fig. 9). At x = 0.038, it is even larger than
at x = 0.127, namely κ0/κN = 0.48± 0.04 (see Table I).
This implies that nodes are present in the superconduct-
ing gap inside the region of co-existing antiferromagnetic
order. The fact that κ0/T is again strongly anisotropic
(see Fig. 9) means that those nodes are still located in
regions of the Fermi surface that contribute strongly to c-
axis conduction and little to a-axis conduction. The fact
that the nodes survive the Fermi-surface reconstruction is
consistent with their location in regions with strong 3D
character, since the spin-density wave gaps the nested
portions of the Fermi surface, which are typically those
with strong 2D character. (It should be emphasized that
the mechanisms responsible for the drop in Tc and the
rise in κ0/κN are likely to be different above and below
optimal doping.)

2. Field dependence

The effect of a magnetic field on κ0/T reveals how easy
it is to excite quasiparticles at T = 0.39,47,53 For a gap
with nodes, the rise in κ0/T with H is very fast, because
delocalized quasiparticles exist outside the vortices,53 as
shown for the d-wave superconductor Tl-2201 in Fig. 11.
For a full gap without nodes or deep minima, such as
in the s-wave superconductor Nb, the rise in κ0/T vs H
is exponentially slow (see Fig. 11), because it relies on
tunneling between quasiparticle states localized on ad-
jacent vortices. For Co-Ba122 at x = 0.127, κc0/κN is
seen to track the d-wave data all the way from H = 0 to
H = Hc2. This nicely confirms the presence of nodes in
the gap structure of overdoped Co-Ba122 that dominate
the transport along the c axis.
By contrast, at x = 0.074, the initial rise in κc0/T vs

H has the positive (upwards) curvature typical of a node-
less gap, for both samples A and B (see Fig. 6). The rise
at low H is faster than in a simple s-wave superconduc-
tor like Nb (Fig. 11), either because of a k-dependence
of the gap or because of a multi-band variation of the
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FIG. 11: Bottom panel: Residual linear term κ0/T of Co-
Ba122 normalized by the normal-state value κN/T as a func-
tion of magnetic field H, plotted as (κ0/T )/(κN/T ) ≡ κ0/κN

vs H/Hc2 for three representative Co concentrations, as in-
dicated: underdoped (x = 0.042; red), slightly overdoped
(x = 0.074; black), and strongly overdoped (x = 0.127; blue).
κN/T is obtained from the Wiedemann-Franz law (see text
and Tables I and II), except for the samples with x = 0.127
where we use the value of κ0/T measured at H = 15 T, since
Hc2 = 15 T at that concentration. Full circles are for a heat
current along the c axis (J || c; data from three A samples -
see Table I). Empty circles are for a heat current along the a

axis (J || a; data from three A samples - see Table II). The
vertical dashed line marks H = Hc2/4; the value of κ0/κN at
Hc2/4 is plotted in the top panel of Fig. 9, for all x. We also
reproduce corresponding data for the d-wave superconductor
Tl-2201 (from Ref. 50), the isotropic s-wave superconductor
Nb, and the multi-band s-wave superconductor NbSe2 (from
Ref. 54). Top panel: Anisotropy of the normalized residual
linear term κ0/κN at x = 0.127. The red dashed line at
Hc2/10 marks roughly the field beyond which κ0/κN becomes
isotropic.

gap amplitude, or both. A multi-band variation is what
causes the fast initial rise in κ0/T vs H (with positive
curvature) in NbSe254 (see Fig. 11). This H dependence
strongly suggests that there are no nodes in the gap of
Co-Ba122 at x = 0.074, as inferred above from the neg-
ligible value of κa0/T .
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•  nodes on FS part with high vF along c-axis 
•  penetration depth shows similar behavior 
•  strong doping dependence  

a-axis: no residual linear term 

c-axis: residual linear term 
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The thermal conductivity ! of the iron-arsenide superconductor Ba!Fe1−xCox"2As2 was measured down to 50
mK for a heat current parallel !!c" and perpendicular !!a" to the tetragonal c axis for seven Co concentrations
from underdoped to overdoped regions of the phase diagram !0.038"x"0.127". A residual linear term !c0 /T
is observed in the T→0 limit when the current is along the c axis, revealing the presence of nodes in the gap.
Because the nodes appear as x moves away from the concentration of maximal Tc, they must be accidental, not
imposed by symmetry, and are therefore compatible with an s# state, for example. The fact that the in-plane
residual linear term !a0 /T is negligible at all x implies that the nodes are located in regions of the Fermi surface
that contribute strongly to c-axis conduction and very little to in-plane conduction. Application of a moderate
magnetic field !e.g., Hc2 /4" excites quasiparticles that conduct heat along the a axis just as well as the nodal
quasiparticles conduct along the c axis. This shows that the gap must be very small !but nonzero" in regions of
the Fermi surface which contribute significantly to in-plane conduction. These findings can be understood in
terms of a strong k dependence of the gap $!k" which produces nodes on a Fermi-surface sheet with pro-
nounced c-axis dispersion and deep minima on the remaining, quasi-two-dimensional sheets.

DOI: 10.1103/PhysRevB.82.064501 PACS number!s": 74.25.F%, 74.20.Rp, 74.70.Dd

I. INTRODUCTION

The discovery of superconductivity in iron arsenides,1

with transition temperatures exceeding 50 K,2 breaks the mo-
nopoly of cuprates as the only family of high-temperature
superconductors and revives the question of the pairing
mechanism. Because the mechanism is intimately related to
the symmetry of the order parameter, which is, in turn, re-
lated to the k dependence of the gap function $!k", it is
important to determine the gap structure in the iron-based
superconductors, just as it was crucial to establish the
d-wave symmetry of the gap in cuprate superconductors. The
gap structure of iron-based superconductors has been the
subject of numerous studies !for recent reviews, see Refs. 3
and 4". Here, we focus on the material BaFe2As2, in which
superconductivity can be induced either by applying
pressure5 or by various chemical substitutions, such as K
for Ba !K-Ba122" !Ref. 6" or Co for Fe !Co-Ba122".7 In the
case of Co-Ba122, single crystals have been grown with
compositions that cover the entire superconducting phase
!see Fig. 1".8–10

Two sets of experiments on doped BaFe2As2 appear to
give contradictory information. On the one hand, angle-
resolved photoemission spectroscopy !ARPES" detects a
nodeless, isotropic superconducting gap on all sheets of the
Fermi surface in K-Ba122 !Ref. 11" and in optimally doped
Co-Ba122,12 and tunneling studies in K-Ba122 detect two
full superconducting gaps.13 The magnitude of the gaps in
ARPES is largest on Fermi surfaces where a density-wave
gap develops in the parent compounds.14 This is taken as
evidence for an s# pairing state driven by antiferromagnetic
!AF" correlations.4,15–17 On the other hand, the penetration
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FIG. 1. !Color online" Phase diagram of Ba!Fe1−xCox"2As2
as a function of Co concentration x, showing the orthorhombic
phase below Ts !blue", the antiferromagnetic !AF" phase below
TN !green", and the superconducting phase below Tc !small
black dots", as determined from resistivity, magnetization, and
heat-capacity data !Ref. 8" and from x-ray !Ref. 9" and neutron
!Ref. 10" data. Red circles mark the Tc value of seven
samples measured in the present study !the c-axis samples
labeled A in Table I", indicating the range of concentrations
covered. The vertical thick line at x=0.06 marks the approxi-
mate location of the critical concentration xs where at T=0 the
system goes from orthorhombic !Ortho" in the underdoped region
!to the left" to tetragonal !Tetra" in the overdoped region !to the
right" !Ref. 9". At T=0, the AF phase also ends close to x=0.06
!Ref. 10".
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concentrations, we have a pair of a-axis crystals with nomi-
nally the same Co concentration. As can be seen, the two
curves in each pair are in good agreement with each other,
within the !20% uncertainty in the geometric factor and the
error bar on the extrapolations.

IV. DISCUSSION

The results of our study are summarized in Fig. 9, where
the "0 /T values of all 21 samples are plotted vs x, normal-
ized to their respective normal-state value "N /T.

A. Intrinsic nature of the residual linear term

An inhomogenous sample, in which a fraction of the vol-
ume is nonsuperconducting, would show a residual linear
term that is not an intrinsic property of the superconducting
state. Such sample inhomogeneity was probably responsible
for the large residual linear term reported in the earliest mea-
surements of a-axis heat transport on Ba!Fe1−xCox"2As2,
where "a0 /"N#0.6.52 Subsequent studies gave negligible re-

sidual linear terms in "a.22,23 The fact that "a0 /"N#0 for all
a-axis samples in our study rules out an extrinsic origin for
the large values of "c0 /"N observed along the c axis in
samples grown in nominally identical conditions. Indeed,
any nonsuperconducting region would make an isotropic
contribution to the normalized conductivity "0 /"N, in stark
contrast with the data of Fig. 9. Additional evidence against
an extrinsic origin is the good reproducibility of "c0 /"N for
different samples at the same concentration and the smooth,
monotonic dependence on x over a large number of different
samples.

In recent measurements of the heat capacity of
Ba!Fe1−xCox"2As2, a sizable residual linear term #0 was ex-
tracted after subtraction of a Schottky term.53 In a sample
with x=0.08 !the only one with a full Meissner volume", the
zero-field value normalized to the normal state is #0 /#N
#0.2.53 The authors suggest that this large #0 could be due
to nanoscale electronic inhomogeneity. In our four samples
at x=0.074, the maximum value allowed by the error bars is
"0 /"N#0.03 for both directions of heat flow. This means
that, in our samples at least, any inhomogeneity !nanoscale
or otherwise" contributes not more than 3% of the normal-
state conductivity. Note that both residual linear terms !#0
and "0 /T" could well be intrinsic, due to nodal quasiparti-
cles. In a clean d-wave superconductor, #0 /#N can easily be
an order of magnitude larger than "0 /"N. For an impurity
scattering rate $0 such that %$0=0.1kBTc, for example,
#0 /#N#0.3 !Ref. 54" and "0 /"N#0.03.55 We conclude that
any inhomogeneity which may be present in our samples
makes a negligible contribution to the large c-axis residual
linear term that we measure.

B. Gap nodes

1. Zero magnetic field

Our central finding is the presence of a substantial re-
sidual linear term "0 /T in the thermal conductivity of Co-
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FIG. 7. !Color online" Temperature dependence of the a-axis
thermal conductivity "a, plotted as "a /T vs T, for six samples of
Ba!Fe1−xCox"2As2, with x as indicated, in a magnetic field H=0, 4,
and 15 T !data taken at other fields are not shown for clarity". These
are the six samples labeled A in Table II. The lines are a power-law
fit to the data below T=0.3 K, namely, " /T=a+bT&−1. The fit is
used to extrapolate "a /T to T=0 and thus obtain the residual linear
term "a0 /T. The power & is in the range from 2 to 2.5. The values
of "a0 /T are listed in Table II for H=0 and plotted vs H in Fig. 8,
for all nine a-axis samples. Solid black squares on the T=0 axis
give the residual linear term in the normal-state thermal conductiv-
ity, "aN /T, obtained from the residual resistivity 'a0 of the sample
via the Wiedemann-Franz law !see Table II".
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kz dependence of the gap via ARPES 

•  Hole FS strong kz dependence (3D): c axis κth 
•  Electron FS weak kz dependence (2D): Raman 

Electron 

kz is tuned via incident photon energy 

(BaK)Fe2As2 (hole doped) 
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Directionnal thermal conductivity in K-Ba122 
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FIG. 3: Residual linear term κ0/T in K-Ba122 normalized
by the normal-state conductivity, κN/T , as a function of mag-
netic field H normalized by the upper critical field Hc2. The
data for in-plane (J ||a, open symbols) and inter-plane (J ||c,
closed symbols) transport are shown for five K concentrations,
indicated by their Tc values. For comparison, we reproduce
corresponding data for the isotropic s-wave superconductor
Nb (see ref. 14), the multi-band s-wave superconductor NbSe2
[22], and the d-wave superconductor Tl-2201 [23].

jump in κ0/T at H = 0, when only zero-energy nodal
quasiparticles contribute, turns into a more gradual rise
at finite H, when finite-energy quasiparticles are excited
across a small gap. Note that there could still be a small
jump across x = 0.16 in finite H.

Coexisting AF order.– Neutron studies show that an-
tiferromagnetic (AF) order is present down to at least
T � 1 K from x = 0 up to at least x � 0.24 (Tc = 26 K),
and it occupies at least 95 % of the sample volume [16].
The fact that κ0/T = 0 (at H = 0) for Tc > 13 K im-
plies that putative normal-state regions (with κ0/T =
κN/T > 0) must occupy a volume fraction below the
percolation threshold. These two constraints rule out a
scenario of inhomogenous phase separation in the coexis-
tence region, whereby the sample would consist of mutu-
ally exclusive regions of pure AF order and pure super-
conductivity. Therefore, there is a substantial region of
the phase diagram where nodeless superconductivity co-
exists homogeneously with AF order. It has been argued
that this is consistent with a s± state but inconsistent
with a standard s++ state [25, 26].

Scenario I: extended s-wave.– Given that the field-
induced enhancement of κ0/T increases as x approaches
the critical value (x = 0.16) below which nodes appear
in the gap (Fig. 1), it is natural to view the in-field be-
haviour as a precursor to the nodes, namely as minima
in the gap that become gradually deeper until they touch
the Fermi surface. This is the so-called ‘extended s-wave’
scenario, illustrated in Fig. 4.

(c)(b)
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+

- -

(a)

(e)(d)

s-wave
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+
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FIG. 4: Two scenarios for the doping evolution of the super-
conducting gap structure in K-Ba122 (solid red line), sketched
for a single 2D Fermi surface (dashed circle). In the extended
s-wave scenario (top): a) the gap is isotropic at high x; b)
it develops minima in certain directions at intermediate x; c)
those minima deepen to become negative at low x, producing
nodes where ∆ = 0 at 8 points on the Fermi surface. In the
d-wave scenario (bottom), a phase transition occurs between
a superconducting state with s-wave symmetry at high x (d)
and one with d-wave symmetry, and associated nodes, at low
x (e).

The isotropic gap at high x develops minima in certain
directions as x decreases, until this modulation as a func-
tion of azimuthal angle becomes strong enough that the
minima become negative, thereby producing nodes below
some critical x value. These nodes are called ‘accidental’,
because they are not imposed by symmetry. There is no
transition across the critical doping where nodes appear -
the entire evolution takes place within one phase, with no
change of symmetry. The fact that the in-field behavior
at x > 0.16 is just as isotropic as the zero-field behaviour
at x < 0.16 reinforces the connection between minima
and nodes. It is possible that the reconstruction of the
Fermi surface caused by the onset of AF order (below
x � 0.24) either triggers or favours the gap modulation
we observe, first as minima then as nodes.
In a number of calculations applied to pnictides, a

superconducting state with s± symmetry is found to
be the most stable, but often the associated gap func-
tion has strong modulations, possibly leading to acci-
dental nodes [11–13]. The gap modulation comes from
a strongly anisotropic pairing interaction, which is also
band-dependent. In 2D models, it is typically the gap on
the electron Fermi surface centered at the M point of the
Brillouin zone which shows a strong angular dependence
within the basal plane [11, 12], leading to what would
be vertical line nodes in 3D. In 3D calculations, nodes
have been found on the hole Fermi surface at the Γ point
[27]. This raises the question of which sheet of the Fermi
surface of K-Ba122 has gap nodes. (Note that the nodes
occur inside the phase of coexisting AF order, on a Fermi
surface that is reconstructed relative to the paramagnetic
Fermi surface assumed in the calculations.)
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FIG. 1: Top: Doping phase diagram of K-Ba122, showing
the antiferromagnetic (AF) phase below TN (blue squares,
from ref. 16) and the superconducting (SC) phase below Tc

(open (closed) red circles, for a-axis (c-axis) samples), which
coexist in the shaded region. Bottom: Residual linear term
in the thermal conductivity κ as T → 0, κ0/T , plotted as a
fraction of the normal-state conductivity, κN/T , for both κa

(open symbols) and κc (closed symbols), for magnetic fields
H=0 (red) and H = 0.15 Hc2 (black). Error bars reflect the
combined uncertainties in the extrapolation of κ/T and ρ to
T = 0. The vertical dashed line at x = 0.16 separates a region
in which the superconducting gap has nodes (x < 0.16) from
one in which it doesn’t (x > 0.16). The solid black line is a
guide to the eye. There is no superconductivity in the shaded
region.

conductivity κN/T , estimated using the Wiedemann-
Franz law, namely κN/T = L0/ρ0 where L0 ≡
(π2

/3)(kB/e)2, applied to the extrapolated residual re-
sistivity ρ0, as discussed in Ref. 8. In Fig. 1, the ra-
tio (κ0/T )/(κN/T ) is plotted vs x. It jumps suddenly
from 0 to ∼ 0.5 upon crossing below x = 0.16. This
signals the onset of nodes in the superconducting gap of
K-Ba122. The fact that (κ0/T )/(κN/T ) is of the same
magnitude for both current directions indicates that the
nodes preserve the a−c anisotropy of normal-state trans-
port, consistent with line nodes that run vertically along
the quasi-2D Fermi surface of K-Ba122.

Results: H > 0.– In Fig. 3, we plot the residual linear
term κ0/T as a function of magnetic fieldH. As in Fig. 1,
κ0/T is normalized to κN/T , and H is normalized to Hc2,
the upper critical field at T → 0, given approximately by
Hc2 = 100 T (Tc/40 K) [20, 21]. At high x, the field
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FIG. 2: Thermal conductivity κ(T ) of K-Ba122 at three rep-
resentative K concentrations, indicated by their Tc values,
plotted as κ/T vs T for a current parallel (J ||c, right panels)
and perpendicular (J ||a, left panels) to the tretragonal c axis.
Data are shown for three values of the magnetic field, as indi-
cated (data for other fields are not shown for clarity). Lines
are a fit to κ/T = a+ bT

α, used to extract the residual linear
term a ≡ κ0/T , plotted vs x in Fig. 1 and vs H in Fig. 3.

dependence is very weak, either flat at Tc = 38 K or with
a slight upward curvature at Tc = 30 K. This is typical
of s-wave superconductors, in which a full gap is present
on the entire Fermi surface. Quasiparticle transport is
caused by tunneling between states localized in adjacent
vortex cores and thus grows exponentially as the intervor-
tex separation shrinks with increasing field [22]. By con-
trast, when x < 0.16, κ0/T increases rapidly at low H,
with the downward curvature characteristic of a d-wave
superconductor such as the overdoped cuprate Tl-2201
[23] (Fig. 3). In this case, delocalized nodal quasiparti-
cles outside the vortex cores are excited by the Doppler
shift in their energies caused by the field [24].

In the range above x = 0.16, throughout which the gap
has no nodes, the field dependence varies significantly,
from flat at x � 0.4 to strong at x � 0.18. In samples
with Tc � 15 K, the H dependence is very similar to that
of a multi-band s-wave superconductor like NbSe2 [22]
(Fig. 3), in which the small value of the superconducting
gap on one part of the Fermi surface leads to enhanced
excitation. In Fig. 1, we plot the x dependence of κ0/T

measured at H = 0.15 Hc2. We see that the sudden

the structure of the gap is strongly doping dependent 
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T 2/(T + T ∗).22 The disorder parameter T ∗ is related to the
impurity band width γ0. If we use this formula to fit our data
[solid line in Fig. 2(b)], we get T ∗ = 1.3K ≈ 0.04Tc, which
shows we are close to the clean nodal limit. A small variable
sized upturn in ∆λ(T ) is observed at the lowest temperatures
[inset of Fig. 2(b)]. This probably originates from amounts
(of the order of 0.1% in volume) of paramagnetic impurities.
This effect is negligible for T > 0.5K (∼ 0.017Tc), and is
very small in sample #1, so this does not affect our conclusion
of the existence of low-lying quasiparticle excitations.
Thermal conductivity also provides a probe for the pres-

ence of line nodes. First we address the temperature de-
pendence of κ/T in zero field [Fig. 3(a)]. In hole-doped
(Ba0.75K0.25)Fe2As2,8 κ/T is nearly identical to the phonon
contribution κph(T ) obtained from non-superconducting
BaFe2As2,23 consistent with fully-gapped superconductiv-
ity, in which very few quasiparticles are excited at T #
Tc. In spite of similar values of residual electrical re-
sistivity in the normal state,8,17 the magnitude of κ/T
in BaFe2(As0.67P0.33)2 is strongly enhanced from that in
(Ba0.75K0.25)Fe2As2. At low temperature the data are well
fitted by, κ/T = aT 2 + b. The presence of a sizeable residual
value b $ 25mW/K2m is clearly resolved.
It has been shown that the quasiparticle thermal conductiv-

ity in superconductors with sign-changing line nodes is given
by

κ/T = κ0/T
(

1 +O
[

T 2/γ2
0

])

(1)

in the range kBT < γ0, where γ0 is the impurity bandwidth.24
In this case κ0/T is independent of the impurity content and
depends only on the Fermi surface parameters and the slope
of the gap near the nodes. A rough estimation using param-
eters for the present material gives κ0/T ≈ 22mW/K2m,25
which reasonably coincides with the observed value. The T 2-
term in Eq. (1) arises from the thermally excited quasiparticles
around the nodes. For BaFe2(As0.67P0.33)2 we find that this
term is one order of magnitude larger than κph/T . Recently
calculations of κ(T ) for various candidate gap functions for
the Fe-based superconductors have been reported byMishra et
al.26 For the s± state without sign changing nodes a sizeable
value of κ0/T is predicted only for very strong pair-breaking
scattering (with accompanying strong reduction in Tc) which
is incompatible with the low value of T ∗ found in the λ(T )
measurements. For the case of sign-changing nodes in one
or more of the Fermi surface sheets a sizeable κ0/T is pre-
dicted in the low scattering limit, which is consistent with our
experimental results.
Next we discuss the field dependence of κ0/T , which is an-

other independent test of the gap structure. The most distin-
guished feature in Fig. 3(b) is that κ0(H)/T increases steeply
at low fields and attains nearly 70% of the normal-state value
κn/T even at 0.2Hc2 (where κn/T ∼ 81mW/K2m is esti-
mated from the Wiedemann-Franz law by using the residual
resistivity ρ0 ≈ 30µΩ cm and Hc2 was estimated from heat
capacity and torque measurement [inset of Fig. 1]). Such a
field dependence is quite similar to that in Tl2Ba2CuO6+δ

with line nodes27 but is in dramatic contrast to that in fully
gapped superconductors such as Nb.28 In fully gapped su-

FIG. 3: (Color online) (a) Thermal conductivity divided by temper-
ature κ/T is plotted against T 2 at zero field (main panel) and on
a linear T axis (inset). The solid lines are the fit to the T 2 depen-
dence. The reported data of (Ba0.75K0.25)Fe2As2 (Tc ! 30K)8
and the phonon contribution estimated in BaFe2As2 (Ref. 23) are
also shown. (b) Residual κ0(H)/T vs H/Hc2. Also shown are the
results for Tl2Ba2CuO6+δ (Ref. 27), (Ba0.75K0.25)Fe2As2 (Ref. 8),
and Nb.28 The gradual increase of κ(H)/T in (Ba0.75K0.25)Fe2As2
has been attributed to the slight modulation of the gap value.8 In-
set shows the same data in BaFe2(As0.67P0.33)2 plotted against
(H/Hc2)

1/2. The line represents the
√
H dependence.

perconductors, quasiparticles excited by vortices are localized
and unable to transport heat at low fields. In sharp contrast,
the heat transport in superconductors with nodes is dominated
by contributions from delocalized quasiparticles outside vor-
tex cores. In the presence of line nodes where the density of
states has a linear energy dependence N(E) ∝ |E|, N(H)
increases steeply in proportion to

√
H because of the Doppler

shift of the quasiparticle energy.29 This is consistent with the
field dependence of κ0(H)/T in BaFe2(As0.67P0.33)2 shown
in the inset of Fig. 3(b).
The present results, (i) the T -linear penetration depth, (ii)

the large value of κ0/T at zero field, (iii) the T 2 dependence
of κ/T , and (iv) the

√
H field dependence of κ/T , all indi-

cate that sign-changing line nodes exist in the gap function
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FIG. 1: (Color online) Relative change in the electronic specific heat
∆C/T of single crystal BaFe2(As0.67P0.33)2 measured using an ac
technique under magnetic fields applied along the c axis. A smooth
background determined from an extrapolation of the 14 T data has
been subtracted. Temperature dependence of the in-plane resistivity
ρ of a crystal from the same batch is also shown. Inset shows the
upper critical field Hc2(T ) determined from the mid point of the
specific heat jump at each field (closed circles) and the irreversibility
field measured by torque measurements (open square).19 The dashed
line is a fit to the Wertharmer-Helfand-Hohenberg formula.

the recent µSR results of λ(0) ≈ 170 nm.20 The λ(T ) results
obtained by the two techniques at different frequencies show
excellent agreement [inset of Fig. 2(a)]. Thermal conductivity
was measured in a dilution refrigerator with the heat current
applied in the ab plane.16

Figure 2(a) shows the normalized change in the penetration
depth ∆λ(T )/λ(0) in BaFe2(As0.67P0.33)2, compared with
previous results for a clean (Ba0.45K0.55)Fe2As2 crystal.7 In
sharp contrast to the flat behavior observed in the K-doped
crystal, ∆λ(T ) in the P-substituted crystal exhibits a strong
quasi-linear temperature dependence at low temperatures.
The T -linear dependence of ∆λ(T ) is a strong indication of
line nodes in the superconducting gap. The normalized su-
perfluid density λ2(0)/λ2(T ) in Fig. 2(b) also clearly demon-
strates the fundamental difference between P- and K-doped
samples. The low-temperature data of BaFe2(As0.67P0.33)2
can be fitted to 1 − α(T/Tc)n with the exponent n =
1.13(±0.05) close to unity. This is completely incompati-
ble with the flat exponential dependence observed in the fully
gapped superconductors, and immediately indicates low-lying
quasiparticle excitations in this system. This behavior is fun-
damentally different from the power-law dependence of su-
perfluid density with powers varying n ∼ 2.0 to ∼ 2.4 found
for other Fe-arsenides.7,10,11 In the fully gapped unconven-
tional s± state, it has been suggested that substantial impurity
scattering may induce in-gap states that change the exponen-
tial superfluid density to a power-law dependence, but the ex-
ponent is expected to be not smaller than ∼ 2.12,13 However,

FIG. 2: (Color online) (a) The change ∆λ(T ) ≡ λ(T ) − λ(0) in
the penetration depth of BaFe2(As0.67P0.33)2 along with the data for
(Ba0.45K0.55)Fe2As2 (Tc # 33K).7 Inset compares the results ob-
tained by the microwave and RF techniques. (b) Normalized super-
fluid density λ2(0)/λ2(T ) as a function of T/Tc. The data follow a
T -linear dependence (dashed line) down to T/Tc ∼ 0.05. The de-
viation at lower T/Tc can be fitted to the dependence for a gap with
line nodes with disorder (solid line). The upper inset is the data up to
Tc. The tail near Tc in (Ba0.45K0.55)Fe2As2 is due to the skin depth
effect at microwave frequencies.7 The lower inset shows ∆λ(T ) at
low temperatures in two samples (shifted vertically for clarity).

the present results with exponent significantly smaller than 2
and much closer to 1 as expected for clean superconductors
with line nodes, cannot be explained by these modifications of
a full-gap state, but is indicative of well-developed line nodes
in the gap. We note that our data do not exclude the possibility
that some of the bands being fully gapped. Indeed, the higher
temperature behavior of the superfluid density is different to
that expected for a single band with line nodes and instead
suggests that some sheets of Fermi surface have a maximum
gap below the weak-coupling value, as was found forMgB2.21
The fact that the experimental value of n is slightly larger

than unity may result from impurity scattering. In the limit of
high levels of disorder, a general gap with line nodes gives
∆λ(T ) ∼ T 2, and the following formula is often used to
interpolate between the clean and dirty limits, ∆λ(T ) ∝

κth: isovalent versus hole doping 

Hashimoto et al, Phys. Rev. B 81, 220501(R) (2010)  

London penetration depth: isovalent vs hole doping 

•  BaFe2(As1-xPx)2 shows clear indication of nodes 

•  gap structrure is not universal 



Gap structure in Ba122 

Interband pair interaction Intra and interband pair interaction 

•  plus k-dependence of interaction (nesting) + orbital dependence 
•  doping dependent ! fine tuning 

Maier et al. PRB 79, 224510 2010  
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gives rise to the Fermi surfaces shown in Figure 3 displayed in the unfolded BZ [40].

The undoped material has completely filled d6 orbitals corresponding to electron number

n = 6. Note for the hole doped case n = 5.95 shown in Figure 3 there is an extra hole FS

γ around the (π, π) point. An important role is played by the orbital matrix elements

a�ν(k) = ��|νk� which relate the orbital and band states. The dominant (> 50%) orbital

weights |a�ν(k)|2 on the Fermi surfaces are illustrated in Figure 3 by the colors indicated.

The orbital matrix elements and the small patches of the dxy contribution to the electron

Figure 3. Fermi sheets of the five-band model in the unfolded BZ for n = 6.03 (top)
and n = 5.95 (bottom) with colors indicating majority orbital character (red=dxz,
green=dyz, blue=dxy). Note the γ Fermi surface sheet is a hole pocket which appears
for ∼ 1% hole doping.

sheets play an important role in the formation of nodes in the superconducting order

parameter as will be discussed in Section 3.1. Natural generalizations of the multiorbital

models are 1) to include dispersion along the kz direction; and 2) to include the proper

effects of the 122 body centered cubic symmetry. These effects appear to have important

consequences for the pairing in Ba1−xKxFe2As2, where effects of three-dimensionality are

more important than in 1111 systems [47, 48].

3. Theoretical background.

3.1. Spin fluctuation pairing.

It has become commonplace when a new class of superconductors is discovered to discuss

electronic pairing mechanisms as soon as there is some evidence that the electron phonon

mechanism is not strong enough to produce observed critical temperatures; this was the

case in both the cuprates and Fe-based superconductors. Among many candidates for

electronic pairing, Berk-Schrieffer [49] type spin fluctuation theories are popular because

they are relatively simple to express and give some qualitatively correct results in the
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Figure 7. Top: false color plots of dimensionless gap function g(k) on various Fermi

surface sheets for electron doped n = 6.03 (left) and hole doped n = 5.95 (right).

Bottom: detail of g(k) on β1 pocket for U = 1.3 and n = 5.95, J̄ = 0.2 (red squares)

and n = 6.01, J̄ = 0.2 (blue circles). Here the angle φ is measured from the kx-axis.
From Kemper et al [61]

frustration is weaker or does not occur if an additional hole pocket γ of dxy character

is present (see Figure 3); these scattering processes are at (π, 0) in the unfolded zone

and therefore support isotropic s± pairing. Kuroki et al [16] took the important step

of relating the crystal structure, electronic structure, and pairing, by noting that the

As height above the Fe plane in the 1111 family was a crucial variable controlling the

appearance of the γ pocket and thus driving the isotropy of the s± state. It is important

to note that the transition between nodal and nodeless A1g gap structures, investigated

by a number of authors [16, 62, 61, 63, 64, 65], does not involve any symmetry change,

and relies only on the details of the pairing interaction.

Role of orbital content 

•  orbital dependent FS leads to modulation of 
interband interaction matrix: intra-orbital 
scattering dominates 

•  dyz/dxz scattering between electron and hole 
pocket lead to s+- pairing 

•  dxy scattering between electron pocket 
frustrates s+- pairing: anisotorpy 

•  additional hole pocket stabilizes isotropic s+- 

Electron doping Hole doping 

Strong sensitivity to FS topology 
(doping, As height…) 

Kuroki et al. PRB 79, 224511 (2009) 
Maier et al. PRB 79, 224510 (2010)  

gap structures 

Fermi surfaces 
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Figure 20. Schematic phase diagram of Fe-based superconductors vs. doping, with
order parameter expected from 2D spin fluctuation theory plotted in one quadrant of
Brillouin zone as false color on Fermi surface [red=+, blue=-].

gap nodal structures to power laws in temperature ∆λ ∼ T n was pointed out by Gross

et al [193]. In a fully gapped system, at low temperatures relative to the smallest full

gap in the system an exponentially activated behavior is expected; if this gap is very

small, however, the penetration depth can typically be fit to a power law in T over

some intermediate temperature range. Another factor complicating the interpretation

is disorder; at the lowest temperatures, impurity scattering can lead to a T 2 dependence

[193] if a residual density of states at the Fermi level is induced (see Section 3.4). Thus

fits to low-temperature power laws at low but not asymptotically low temperatures may

not be completely straightforward to interpret, but do provide evidence for low-lying

quasiparticle excitations. Only in the case that a true linear power law ∆λ ∼ T is

observed may one make definitive statements about the existence of (line) nodes.

In both the LaFePO system [194, 195] and in BaFe2As1−xPx [196], a linear-T

dependence of the low-T penetration depth ∆λ(T ) was reported. By contrast, in

Ba(Fe1−xCox)2As2 and Ba(Fe1−xNix)2As2, ∆λ was initially reported to vary close to

T 2 over most of the phase diagram [197, 198]; these power laws are in contrast to

the activated temperature dependencies expected for an isotropic gap. While T 2 is

the power law one naively expects for a (dirty) line nodal state, one may also show

that in an isotropic (s±) superconductor, disorder can create subgap states [114] under

certain conditions, depending on the ratio of inter- to intraband impurity scattering

[122] (see Section 3.4). . If these states are at the Fermi level, a fully gapped s±

state will also lead to ∆λ ∼ T 2. Fits of the same or very similar data on these

systems Ba(Fe1−xCox)2As2 and Ba(Fe1−xNix)2As2 near optimal doping are also possible

for an isotropic multigap model [199], and at optimal doping the T 2 fit is rather poor,

suggesting a small true gap. In this context, it is worth noting that a number of multigap

fits—to penetration depth, specific heat, and other observables—in the literature violate

BCS theory by taking arbitrary ratios of the gaps ∆i/Tc as fit parameters. Kogan et

Phase diagram of the gap structure in Ba122 from spin fluctuation theory 

nearly isotropic 

« nodal » 

anisotropic 

Hirschfeld et al. arXiv:1106.3712 (2011) 

anisotropic 
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Figure 2. (color online) Ba0.6K0.4Fe2As2 optical conductiv-
ity above and below Tc. The smooth lines through the data
are fits assuming that mobile charges are described by either
Drude (normal state) or Mattis-Bardeen (superconducting)
carriers. The inset decomposes the total fit of the optical
conductivity at 5 K into individual contributions. Note the
a change of slope in σ1(ω) at twice the value of the highest
gap, 2∆L

0 = 33 meV.

mined here yield 2∆S
0 /kBTc = 5.9 and 2∆L

0 /kBTc = 9.8,
values larger than the BCS weak coupling limit but well
within the reported range for this material [6, 7, 19–23].

Let us now analyze our results in the framework of the
BCS theory. The top panel of Fig. 3 shows the temper-
ature dependence of the gaps obtained from the fits to
σ1(ω). The solid lines are an approximate strong cou-
pling correction to the BCS behavior, obtained by plug-
ging the experimental values for ∆(0) and Tc into the
BCS gap equation. Although the fit is not perfect it re-
produces well the rapid gap opening below Tc expected
for a strongly coupled superconductor [33]. Moreover, a
significant interband interaction matrix element is indi-
cated by the temperature dependence of the small gap.
In a two gap system where the bands are weakly inter-
acting the small gap decreases rapidly well below Tc [34].
The effect of a strong interband coupling is to make the
small gap temperature dependence follow the large gap,
as seen here.

The lower panel in Fig. 3 depicts the penetration depth
for Ba0.6K0.4Fe2As2. The dashed line is the solution of
the penetration depth BCS equation with ∆0 = 10 meV
whereas the solid line assumes ∆0 = 16.5 meV. In the
inset we show the superfluid density and the same cal-
culations as in the main panel. The calculation with the
large gap ∆L

0 gives a better description to the data. This
is a signature that the superconducting bands respond
in parallel as implied when we described σ1(ω) by the
sum of two Mattis-Bardeen terms. The larger gap, hav-

Figure 3. (color online) The top panel shows the supercon-
ducting gap values obtained by fitting σ1 obtained from the
fine reflectivity temperature resolution measurements (open
symbols) and from the accurate absolute reflectivity (solid
symbols). The solid lines are an approximate strong coupling
correction to the BCS gap equation. The bottom panel shows
the penetration depth calculated from the London plasma fre-
quency. Solid and open symbols have the same meaning as in
the top panel. The dashed line is a calculation with ∆S

0 = 10
meV and the solid line with ∆L

0 = 16.5 meV. The inset shows
the superfluid density and the same calculations as in the
main panel.

ing a smaller penetration depth, dominates the value of
the total penetration depth.

It is very instructive to compare the fully open gap ob-
served in Ba0.6K0.4Fe2As2 where dopants are out of the
FeAs planes, to Ba(Fe1−xCox)2As2 where dopants are in
the FeAs planes. Figure 4 shows the optical conductivity
for both materials at 5 K. In Ba0.6K0.4Fe2As2 σ1 van-
ishes, within error bars, below the smaller gap absorption
threshold (2∆S

0 ). Hence, there is no sign of unpaired car-
riers in the superconducting state. Conversely, the data
for Ba(Fe1−xCox)2As2 (Ref. 11) shows a large low en-
ergy, sub-gap, absorption in the superconducting state.
This extra absorption is described by a Drude peak char-
acterizing the unpaired carriers. Therefore, the in-plane
impurity scattering is strong in Ba(Fe1−xCox)2As2 and it
induces pair-breaking that is, at least partially, responsi-
ble for the residual low frequency absorption [11, 17, 18]
and residual low temperature specific heat [35] observed
in that system. In Ba1−xKxFe2As2 K atoms stay out of

3

an independent Ba(Fe,Co)2As2 measurement,8 it is likely
an intrinsic excitation such as low energy interband tran-
sitions. In any case, its spectral weight is small and the
parameters used in this Lorentz peak at 30 K were kept
fixed at all other temperatures.
In a conventional BCS superconductor, one would re-

place the normal state Drude term by a Mattis-Bardeen
response alone. However, to describe the data at 15 K,
we must keep an independent Drude peak in the super-
conducting state. The fit to the 15 K data is then com-
posed of the same Lorentzian found at 30 K together
with a Mattis-Bardeen and a Drude peak. The effect
observed by Gorshunov et al. 10 , namely that the mea-
sured low frequency σ1 is higher than the thermally bro-
ken pairs in a Mattis-Bardeen term, is clearly shown in
Fig. 2. Adding the Drude response in the superconduct-
ing phase (red dotted line) to the Mattis-Bardeen compo-
nent (green dashed line), leads to a proper description of
the data below 50 cm−1. Note that the measured σ1 has
a low frequency upturn with a width (∼ 50 cm−1) that
is much broader than the width (∼ 10 cm−1) of the ther-
mally broken pairs from the BCS contribution. Hence,
the Mattis-Bardeen description fails below the gap and
the low frequency σ1 requires the additional Drude peak
in the superconducting state. Before proceeding, we must
remark that in order to minimize the number of param-
eters, we utilize a single BCS gap in our description. In-
troducing extra BCS gaps produces equivalent fits which
cannot account for the low frequency absorption either.
The presence of an extra Drude term, having the same
weight and width as the one used for the single gap fits,
is still necessary.
The top panel in Fig. 3 shows the above model ap-

plied to the measured temperatures, up to 30 K. We first
fitted the 30 K data. For lower temperatures we only
allowed three parameters to vary: the plasma frequency
and the scattering rate of the Drude peak as well as the
spectral weight [(ΩN

p )2] of the Mattis-Bardeen contribu-
tion. For the latter term, we used as input parameters
the measured temperature and a superconducting gap
of 2∆ = 50 cm−1, an average value in agreement with
other measurements in the same system.8,9,11 The scat-
tering rate τ−1

N was also taken as a fixed parameter and
its value was set to 200 cm−1 — the average of the scat-
tering rates obtained at 25 K and 30 K.
The open symbols in the bottom panel of Fig. 3 show

the reflectivity ratios RS/RN , where RN is taken at 25 K.
The solid lines are calculations utilizing the same param-
eters as those in the upper panel. The dashed line is an
attempt to make a fit to the 5 K data with an s-wave gap
and no residual Drude peak. Here, again, the presence
of an extra Drude term in the superconducting state is
paramount to the description of the data.
This approach is clearly a convenient way to

parametrize the optical response of Ba(Fe,Co)2As2. But
does it represent a more fundamental physical interac-
tion? The assumption in introducing a residual Drude
term in the superconducting state was that extra states,

FIG. 3. (color online) The top panel shows the measured
σ1 (symbols) at various temperatures and corresponding fits
(solid lines) using Eq. 1. The symbols in the bottom panel
are the measured superconducting-to-normal reflectivity ra-
tios (RS/RN ) and the simulations obtained by using the pa-
rameters that fit the optical conductivity. RN is taken at
25 K. The blue dashed line is the best fit assuming that the
superconducting state has no unpaired quasiparticles due to
scattering pair breaking (no Drude term).

other than thermally broken pairs, exist below Tc. We
remark that the Drude profile obtained for the sub-gap
absorption is inconsistent with separate finite energy im-
purity levels in the gap. So, we will focus our discussion
in the pair breaking and the gap anisotropy scenarios.

The solid stars in the left panel of Fig. 4, show the
thermal dependence of the penetration depth calculated
from the imaginary part of the optical conductivity. The
BCS behavior, shown as the solid line, cannot describe
the data. The dashed line is the T 2 behavior compatible
with nodes in the gap11 or a multigap system with pair-
breaking interband scattering.18 To get a better insight
into these two pictures we can use the optical conductiv-

Lobo et al. Phys. Rev. B 82, 100506(R) (2010)  

•  subgap absorption in Co-Ba122: anisotropy or pair-breaking? 
•  interband impurity scattering is pair-breaking for s+- 

•  importance of interband versus intraband impurity scattering ?  

K-Ba122: out of plane substitution Co-Ba122: in plane substitution 



SDW + SC orders 

•  SDW+SC: atomic coexistence (NMR, muSr…) for Co-Ba122: situation less clear in other systems 
•  Fe conduction electrons are involved in both orders: competition 
•  s+- gap and incommensurablility favor coexistence 

Laplace et al. PRB 80, 140501 (2009) 
Julien et al. EPL 87, 37001 (2009) 

75As NMR   

•  NMR spectra homogeneously broadened 
•  All Fe involved in SDW order 

TN=31K 
Tc=23K 

Vorontsov and Chubukov Phys. Rev. B  81, 174538 (2010) 
Fernandes and Schmalian Phys. Rev. B 82, 014521 (2010) 

row central line at T=50 K confirms the good homogeneity
of our sample and the absence of any Co segregation. In the
high temperature paramagnetic regime, hloc is proportional to
the spin shift and the electron spin susceptibility, and the
values recorded are found consistent with those reported in
Ref. 16. At low temperature, all three lines strongly broaden,
the broadening being much more pronounced for H !c than
for H !ab. This broadening comes from the appearance of
large and distributed internal fields hloc. This distribution was
also observed at smaller Co dopings x=2% and 4%.16 It
signals the appearance of a distribution of the Fe moments
amplitude. The lineshape alone does not allow to decide the
corresponding magnetic pattern, but as shown hereafter, it is

the strong anisotropy of the linewidth which allows us to
conclude for an incommensurate Spin Density Wave. If it
were due instead to a non-periodic disorder induced by Co
dopants, such as a variation of the moment amplitude on Co
sites, it would not lead to the linewidth anisotropy and would
not be observed for x=2% as well.16 This continuous distri-
bution contrasts with the situation encountered in undoped
BaFe2As2, where an AF commensurate order leads to only
two values of hloc and thus two sets of well splitted lines
below TSDW for H !c. The T dependence of the SDW mag-
netization is monitored by that of the local field distribution
proportional to the NMR width. It is displayed in upper panel
of Fig. 3. The onset at TSDW=31 K fits well with the maxi-
mum detected in dynamics in Fig. 3 and is identical to that
found using resistivity and Hall effect.8

The whole NMR spectrum broadens homogeneously, and
we checked that no intensity is lost down to low tempera-
tures, implying that frozen moments develop on all the Fe
atoms. If even just a few percent of the sample was not
magnetically frozen, one should detect instead a narrow cen-
tral line on top of the broad distribution as in K-doped
BaFe2As2.10 This is clearly not the case as shown in both
directions of field in Fig. 2. As already stressed, the very
short range of the hyperfine interactions make 75As NMR
sensitive only to its near neighbor Fe, while muons in !SR
probe frozen moments far up to a few nm. So the present
NMR experiment allows us to rule out the existence of nano-
size segregation, and demonstrates the magnetic ordering at
all Fe sites. Together with the fact that the superconducting
fraction is about 100%, our data evidence atomic coexistence
of magnetism and superconductivity in the whole sample
below TC. Superconductivity is not observed to affect the
NMR spectral shape. This is not surprising since the SDW
field distribution dominates any static effect due to SC such
as vortex field distribution or decrease of the Knight Shift,
both only of the order of 10–30 G here.

The typical field distribution "H=2000 G for H !c mea-
sured at low temperature "Fig. 2# is much smaller than the
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•  reduction of Fe moment below Tc 
•  SC affects SDW 
•  interplay/competition around the FS 
•  re-entrance of the tetragonal phase! 

Fernandes et al. Phys. Rev. B 81, 140501 (2010) 
Nandi et al. Phys. Rev. Lett. 104, 057006 (2010) 

SDW vs SC: neutron diffraction 
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SDW vs SC 
Rep. Prog. Phys. 74 (2011) 124505 R Prozorov and V G Kogan
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Figure 12. Main panel: full superconducting transition of an
optimally doped FeCo122 crystal from batch 1 before and after Al
coating. Inset: zoomed-in low-temperature region, Tmin ! T ! T Al

c ,
before (green triangles) and after (brown circles) the Al coating on
the same sample. (Notice how small the effect is at full scale in the
main panel.)

[26, 27] and optical reflectivity (purple open triangles) [97].
Given statistical uncertainty these measurements are consistent
with our results within the scatter. It may also be important to
note that the λab(0) values from other experiments are all on
the higher side of the scatter that exists within the TDR λab(0)

data set. As discussed above, our TDR techniques give a low
bound of λ(0), consistent with this observation.

In order to provide a more quantitative explanation for the
observed increase in λab(0) as x decreases in the underdoped
region, we have considered the case of s± superconductivity
coexisting with itinerant antiferromagnetism [98]. For the case
of particle hole symmetry (nested bands), the zero temperature
value of the in-plane penetration depth in the region where the
two phases coexist is given by [39, 98]:

λSC+SDW
ab (0) = λ0

ab(0)

√

1 +
"2

AF

"2
0

, (46)

where λ0
ab(0) is the value for a pure superconducting

system with no magnetism present, and "AF and "0 are
the zero temperature values of the antiferromagnetic and
superconducting gaps, respectively. Deviations from particle
hole symmetry lead to a smaller increase in λSC+SDW

ab (0),
making the result in equation (46) an upper estimate [98].

The three blue dashed lines shown in the top panel of
figure 13, which were produced using equation (46), show the
expected increase in λab(0) in the region of coexisting phases
below x ≈ 0.047 by normalizing to three different values of
λab(0) in the pure superconducting state, with those being 120,
180 and 270 nm to account for the quite large dispersion of the
experimental values. This theory does not take into account
changes in the pure superconducting state, so for x > 0.047 the
dashed blue lines are horizontal. These theoretical curves were
produced using parameters that agree with the phase diagram
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Figure 13. Top panel: the zero temperature London penetration
depth, λab(0), as a function of the Co concentration, x. The three
dashed blue lines are theoretical curves obtained using equation (46)
for three different values of λab(0) in the pure superconducting state.
The solid gray line is a fit to the TDR data only of the form A+B/xn.
Also shown are values of λab(0) obtained by other experiments for
comparison, explained in the text. Bottom panel: schematic phase
diagram for FeT122 system showing the coexisting region [98, 99].

in the bottom panel of figure 13 [98, 99]. While the exact
functional form was not provided from any physical motivation
and merely serves as a guide to the eye, the solid gray line in
figure 13 is a fit of the TDR λab(0) data to a function of the
form A+B/xn, which does indeed show a dramatic increase
of λab(0) in the coexistence region and also a relatively slight
change in the pure superconducting phase. It should be noted
that a dramatic increase in λab(0) below x ≈ 0.047 cannot be
explained by the impurity scattering, which would only lead
to relatively small corrections in λ(T ).

With the experimental values of λ(0) we can now analyze
the superfluid density. In general λ−2(T ) is given by
equation (23) and depends on the averaging over the particular
Fermi surface. For example, in the simplest cylindrical case,
equation (30) and λ−2(0) = 4πe2N(0)v2/c2, where N(0) is
the density of states at the Fermi level and v is the Fermi
velocity. However, it is instructive to analyze the behavior
from a two-fluid London theory point of view looking at the
density of superconducting electrons, ns = (mc2/4πe2)λ−2 as
a function of temperature. The zero value, ns(0), will in general
be less than the total density of electrons due to pair-breaking
scattering, so the magnitude of ns is useful when comparing
different samples.

Figure 14 shows the data for underdoped, optimally doped
and overdoped samples from batch 1 and also a sample from
batch 2 for comparison. For this sample 2 λ(0) = 200 nm is
used. There is a clear, but expected, asymmetry with respect
to doping. Underdoped samples show quite low density,
because not all electrons participate in the formation of the

12

•  drastic increase of penetration depth in the coexistence regime 
•  drop in the superfluid density 

Prosorov et al. Rep. Prog. Phys.. 74, 124505 (2011) 
Fernandes et al. Phys. Rev. B 82, 014520 (2010) 
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[26, 27] and optical reflectivity (purple open triangles) [97].
Given statistical uncertainty these measurements are consistent
with our results within the scatter. It may also be important to
note that the λab(0) values from other experiments are all on
the higher side of the scatter that exists within the TDR λab(0)

data set. As discussed above, our TDR techniques give a low
bound of λ(0), consistent with this observation.

In order to provide a more quantitative explanation for the
observed increase in λab(0) as x decreases in the underdoped
region, we have considered the case of s± superconductivity
coexisting with itinerant antiferromagnetism [98]. For the case
of particle hole symmetry (nested bands), the zero temperature
value of the in-plane penetration depth in the region where the
two phases coexist is given by [39, 98]:

λSC+SDW
ab (0) = λ0

ab(0)

√

1 +
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, (46)

where λ0
ab(0) is the value for a pure superconducting

system with no magnetism present, and "AF and "0 are
the zero temperature values of the antiferromagnetic and
superconducting gaps, respectively. Deviations from particle
hole symmetry lead to a smaller increase in λSC+SDW

ab (0),
making the result in equation (46) an upper estimate [98].

The three blue dashed lines shown in the top panel of
figure 13, which were produced using equation (46), show the
expected increase in λab(0) in the region of coexisting phases
below x ≈ 0.047 by normalizing to three different values of
λab(0) in the pure superconducting state, with those being 120,
180 and 270 nm to account for the quite large dispersion of the
experimental values. This theory does not take into account
changes in the pure superconducting state, so for x > 0.047 the
dashed blue lines are horizontal. These theoretical curves were
produced using parameters that agree with the phase diagram
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Figure 13. Top panel: the zero temperature London penetration
depth, λab(0), as a function of the Co concentration, x. The three
dashed blue lines are theoretical curves obtained using equation (46)
for three different values of λab(0) in the pure superconducting state.
The solid gray line is a fit to the TDR data only of the form A+B/xn.
Also shown are values of λab(0) obtained by other experiments for
comparison, explained in the text. Bottom panel: schematic phase
diagram for FeT122 system showing the coexisting region [98, 99].

in the bottom panel of figure 13 [98, 99]. While the exact
functional form was not provided from any physical motivation
and merely serves as a guide to the eye, the solid gray line in
figure 13 is a fit of the TDR λab(0) data to a function of the
form A+B/xn, which does indeed show a dramatic increase
of λab(0) in the coexistence region and also a relatively slight
change in the pure superconducting phase. It should be noted
that a dramatic increase in λab(0) below x ≈ 0.047 cannot be
explained by the impurity scattering, which would only lead
to relatively small corrections in λ(T ).

With the experimental values of λ(0) we can now analyze
the superfluid density. In general λ−2(T ) is given by
equation (23) and depends on the averaging over the particular
Fermi surface. For example, in the simplest cylindrical case,
equation (30) and λ−2(0) = 4πe2N(0)v2/c2, where N(0) is
the density of states at the Fermi level and v is the Fermi
velocity. However, it is instructive to analyze the behavior
from a two-fluid London theory point of view looking at the
density of superconducting electrons, ns = (mc2/4πe2)λ−2 as
a function of temperature. The zero value, ns(0), will in general
be less than the total density of electrons due to pair-breaking
scattering, so the magnitude of ns is useful when comparing
different samples.

Figure 14 shows the data for underdoped, optimally doped
and overdoped samples from batch 1 and also a sample from
batch 2 for comparison. For this sample 2 λ(0) = 200 nm is
used. There is a clear, but expected, asymmetry with respect
to doping. Underdoped samples show quite low density,
because not all electrons participate in the formation of the
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and we obtain for the optical conductivity
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For the nonsuperconducting antiferromagnet !&=0 but
&AF!0" follows D=0. This is a consequence of perfect nest-
ing that leads to a fully gapped antiferromagnetic state. In the
nonmagnetic superconductor !&AF=0 but &!0" the current-
current correlation function vanishes at T=0. Then, it fol-
lows D="p

2 /4 and Eq. !11" yields the BCS result for the
penetration depth (0="p

2 /c2. In the general case we obtain
for the penetration depth

(−2 = (0
−2 &2

&AF
2 + &2 . !35"

We point out that this result is the same as in the case of
a charge-density wave state coexisting with a conventional
s-wave state.37 As shown in the Appendix, we obtain the
same result for the penetration depth by explicitly analyzing
Eq. !10", i.e., by first taking "=0 and then q→0. In this
context, the existence of a finite !!"=0, q→0" at T=0 is
related to the fact that one of the two coherence factors is not
identically zero, in contrast to what happens for nonmagnetic
superconductors. Thus, the rigidity of the nonmagnetic BCS
ground state with respect to transverse current fluctuations is
reduced in the magnetically ordered state.

Note that, formally, the coexistence between supercon-
ductivity and magnetism is only marginal for particle-hole
symmetry, as we discussed elsewhere.16 Yet, small perturba-
tions in both the chemical potential and the ellipticity of the
electron band are able to place the system in the coexistence
regime.16,33,35,38 Following Refs. 33 and 38, we can investi-
gate the effect of these small perturbations on our result for
the penetration depth $Eq. !35"% by considering the perturbed
band structure %2,k+Q=−%1,k−2)*, with )*=)0+)2 cos 2*

such that )0=++
kF

2

4 ! 1
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". Here, * is

the angle on the elliptical electron pocket. A straightforward
calculation leads to
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with ()*
2)=)0

2+)2
2 /2. Thus, both perturbations in the chemi-

cal potential and in the ellipticity lead to a decrease in the
penetration depth, i.e., to an increase in the value of D.
Therefore, we can interpret the particle-hole symmetric result
$Eq. !35"% as an “upper bound” for (. With this in mind, even
though the band structure of the pnictides is not particle-hole

symmetric, it is instructive to substitute in Eq. !35" the T
=0 values of & and &AF obtained by numerically solving the
gap equations with the band-structure parameters of
Ba!Fe1−xCox"2As2 !see Sec. III". The results are displayed in
Fig. 4. Remarkably, similar values for the relative increase in
(T=0 have been recently measured by Gordon et al.27 along
the coexistence region of Ba!Fe1−xCox"2As2 using the tunnel
diode resonator technique.

Next, we analyze the optical conductivity at finite fre-
quencies. To this end, we evaluate the integrations in Eq.
!32" and perform the analytical continuation to the real fre-
quency axis, i"→"+ i0+, obtaining
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with the optical gap

Eg = 2,&AF
2 + &2. !38"

In the normal state, &=0 and the optical conductivity is
nonzero only for "/2&AF. Entering the superconducting
state, it follows for &-&AF that there is no spectral weight
in the normal state for "-2&. Thus, the finite penetration
depth obtained in Eq. !35" must be due to the transfer of
spectral weight that involves energies above 2&. Indeed, ana-
lyzing the remaining high-frequency spectral weight, we find
from Eq. !37" that
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where the factor of 2 accounts for negative frequencies.
Thus, the total weight of the nonsuperconducting antiferro-
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ΔSDW 

ΔSC Coexistence SDW + SC 

SDW vs SC: Raman 

•  The 2Δmax component is suppressed 
•  At x=0.055 only a low energy component remains 

L. Chauvière et al. Phys. Rev. B 82, 180521 (2010) 

VI. PARTIAL SDW STATE

In previous sections we considered the situation when the
splitting between hole and electron FSs is small. We now
consider how the phase diagram is modified if in some
k-regions hole and electron FSs are quite apart from each
other !after we shift the hole FS by Q0". Such regions are
far from nesting and we make a simple assumption that they
are not affected by SDW. We then split the FS into nested
parts where commensurate SDW state exists and a SC order
can exist as well, and non-nested parts, where only SC order
is possible. We present this schematically in Fig. 17. The
nested parts lie in some intervals of angles ! with total cir-
cumference "! and have weight NSDW#Ntotal=1 !"! /2$
=NSDW /Ntotal".

The free energy and the self-consistency equations then
can be written as sums of the two contributions. The first
sum is over the FS part that has only SC order parameter and
in the second sum we integrate over part of the FS with both
orders,37
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The self-consistency Eqs. !6.2" and !6.3" are obtained by
minimization of the functional "F, !!"F" /!"=0 and
!F /!m=0, and these expressions reduce to previous formu-
las !2.41"–!2.43" for NSDW=1.

We find that the results are very similar to what we found
within the approximation of a small FS splitting. The typical
picture is shown in Fig. 18.

The only differences from Fig. 8 in this case are the co-
existence of SC and SDW states already at zero doping )0
=0 and weak first-order transition to purely SC state. We also
analyzed s++ SC order and again found a much weaker ten-
dency for co-existence, similar to Fig. 14.

VII. CONCLUSIONS

To conclude, we presented a general theoretical descrip-
tion of the interplay between itinerant SDW and SC orders in

Q0

e

h

Nsdw

FIG. 17. !Color online" A partially gapped SDW state, where
only a fraction NSDW of the electron and hole FSs is nested. On the
remaining parts the dispersions * f and *c are very different. The
SDW state appearing below Ts gaps excitations only in the shaded/
boxed areas +see Fig. 2!d", while on the rest of the FSs the disper-
sions are close to the original * f and *c. The SC state below Tc does
not compete with SDW in non-nested regions but competes with
SDW state in the nested !boxed" regions.
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FIG. 18. !Color online" !a" The phase diagram for s+− supercon-
ductivity and SDW order parameter existing only in boxed regions
of the FS in Fig. 17, with the relative width NSDW. We manually set
the doping dependence of NSDW to be NSDW=0.8−0.4!)̄0 /0.3" and
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the order parameters, " and m, and the free energy, F, as functions
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Hot spots in underdoped cuprates and pnictides 

Superconductivity is confined in k-space in both systems close to competing order 

Doiron-Leyraud et al. Nature 2007 



Summary 

•  key role of magnetic fluctuations 
•  interband Coulomb interaction drive both SC and SDW 
•  gap structure is not universal (but gap symmetry is s-wave) 
•  maximum Tc: optimum nesting without magnetism 

•  need to confirm s+- gap ! 
•  is their a role for structural degrees of freedom ? 
  



The case of A2Fe4Se5 

compounds [23–27]. We observe a nearly isotropic super-
conducting gap around the Fermi surface sheets near
! (! 15 meV) and M (! 12 meV); no gap node is ob-
served in both Fermi surface sheets. The rich information
on this new Fe-based superconductor will provide key
insights on the superconductivity mechanism in the Fe-
based superconductors.

High resolution angle-resolved photoemission measure-
ments were carried out on our lab system equipped with a
Scienta R4000 electron energy analyzer [28]. We use a
helium discharge lamp as the light source which can pro-
vide photon energies of h! ¼ 21:218 eV (helium I) and
40.8 eV (helium II). The energy resolution was set at
10 meV for the Fermi surface mapping [Fig. 1(a)] and
band structure measurements (Fig. 2) and at 4 meV for
the superconducting gap measurements (Figs. 3 and 4).
The angular resolution is !0:3#. The Fermi level is refer-
enced by measuring on a clean polycrystalline gold that is
electrically connected to the sample. The ðTl;RbÞFe2&ySe2
crystals were grown by the Bridgeman method [14].
Their composition determined by using an energy
dispersive x-ray spectrometer measurement is
ðTl0:58Rb0:42ÞFe1:72Se2. The crystals have a sharp super-
conducting transition at TcðonsetÞ ¼ 32 K with a transition
width of !1 K. The crystal was cleaved in situ and
measured in vacuum with a base pressure better than
5' 10&11 Torr.

Figure 1 shows Fermi surface mapping of the
ðTl0:58Rb0:42ÞFe1:72Se2 superconductor covering multiple
Brillouin zones. The band structure along two typical
high symmetry cuts is shown in Fig. 2. An electronlike

Fermi surface is clearly observed around Mð";"Þ
[Figs. 1(a), 2(c), and 2(d)]. This Fermi surface (denoted
as # hereafter) is nearly circular with a Fermi momentum
(kF) of 0.35 in a unit of "=a (lattice constant a ¼
3:896 "A). The Fermi surface near the ! point consists of
two sheets. The inner tiny pocket (denoted as $) is elec-
tronlike with a band bottom barely touching the Fermi
level [Figs. 2(a) and 2(b) for cut 1]. The outer larger
Fermi surface sheet around ! (denoted as %) [Fig. 1(a)]
is electronlike [Figs. 2(a) and 2(b)] with a Fermi momen-
tum of 0.35 "=a.
The observation of two electronlike Fermi surface

sheets, $ and %, around ! in ðTl0:58Rb0:42ÞFe1:72Se2 is
distinct from that observed in other Fe-based compounds
where holelike pockets are expected around the ! point
[8,9]. It is also different from the band structure calcula-
tions [23–27] and previous ARPES measurements [26,27]
on AxFe2&ySe2 that suggest the disappearance of holelike
Fermi surface sheets near ! because of the lifted chemical
potential due to a large amount of electron doping.
One immediate question is on the origin of the electron-

like % band around !. The first possibility is whether it
could be a surface state. While the surface state on some
Fe-based compounds like the ‘‘1111’’ system was observed
before [29], it has not been observed in the ‘‘11’’-type

FIG. 1 (color). Fermi surface of ðTl0:58Rb0:42ÞFe1:72Se2 super-
conductor (Tc ¼ 32 K). (a) Spectral weight distribution inte-
grated within [& 20 meV,10 meV] energy window near the
Fermi level as a function of kx and ky measured using h& ¼
21:2 eV light source. Two Fermi surface sheets are observed
around the ! point which are marked as $ for the inner small
sheet and % for the outer large one. Near the Mð";"Þ point, one
Fermi surface sheet is clearly observed which is marked as #.
(b) Fermi surface mapping measured using the h& ¼ 40:8 eV
light source. Although the signal is relatively weak, one can see
traces of two Fermi surface sheets around ! and one around M.

FIG. 2 (color). Band structure and photoemission spectra of
ðTl0:58Rb0:42ÞFe1:72Se2 measured along two high symmetry cuts.
(a) Band structure along cut 1 crossing the ! point; the location
of the cut is shown on the top of (a). The $ band and two Fermi
crossings of the % band (%L and %R) are marked.
(b) Corresponding EDC second derivative image of (a).
(c) Band structure along cut 2 crossing the M point; the location
of the cut is shown on the top of (c). The two Fermi crossings of
the # band (#L and #R) are marked. (d) Corresponding EDC
second derivative image of (c). (e) EDCs corresponding to (a) for
cut 1. (f) EDCs corresponding to Fig. 2c for cut 2.
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FeSe4 tetrahedra separated by K cations, which is identical to
the well-known ThCr2Si2 structure. The !Fe2Se2"!− layers
serve as the “conducting layer” and K+ ions provide charge
carriers, quite alike to other 122 structures. Compared with
the structural data for FeSe,19 the intralayer Fe-Fe distance
and Fe-Se bond distance increases by 3.7% and 2.15%, re-
spectively. The interlayer distance of two neighboring Fe-Fe
square plane, 7.0184!5" Å, is the largest discovered so far, a

consequence of K intercalated into FeSe layers. The increase
in a axis is significantly smaller than that of c axis, which
leads to the reduced dimensionality in KFe2Se2. As one of
the most important structural features, the refinement indi-
cates that the Fe-Se-Fe angle is 110.926!4"°, which is closer
to the ideal angle of high-symmetric tetrahedra compared to
that of FeSe. The x-ray diffraction pattern of crystal !as
shown in Fig. 2" is dominated by the 00l!l=2n" reflections,
suggesting that the cleave surface of the platelike crystal is
approximately perpendicular to the crystallographic c axis.
The elemental composition was checked with several crys-
tals from the same boule by inductively coupled plasma-
atomic emission spectrometer. The chemical analyses show
that the average atomic ratios of K:Fe:Se is 0.39:0.85:1, a
little deficiency of potassium and iron.

TABLE I. Crystallographic data of KFe2Se2.

Formula KFe2Se2

Temperature !K" 297
Space group I4 /mmm
Fw 212.03
a !Å" 3.9136!1"
c !Å" 14.0367!7"
V !Å3" 214.991!3"
Z 2
Rp 3.26%
Rwp 5.15%
Rexp 2.22%
"2 5.38
Atomic parameters
K 2a !0, 0, 0"
Fe 4d !0, 0.5, 0.25"
Se 4e !0, 0, z"

z=0.3539!2"
Bond length !Å"
K-Se 3.4443!4"#8
Fe-Se 2.4406!4"#4
Fe-Fe 2.7673!5"#4
Bond angles !deg"

110.926!4"#4
106.600!4"#2

FIG. 1. !Color online" Powder x-ray diffraction and Ritveld re-
finement profile of KFe2Se2 at 297 K. The inset shows the sche-
matic crystal structure of KFe2Se2 !ThCr2Si2 type".

FIG. 2. !Color online" The x-ray diffraction pattern of
K0.8Fe2Se2 crystal indicates that the !00l" !l=2n" reflections domi-
nate the pattern. The asterisk shows an unknown reflection. Inset
shows the photography of the K0.8Fe2Se2 crystal !length scale 1
mm".

FIG. 3. The temperature dependence of electrical resistance for
the K0.8Fe2Se2 crystal sample. The lower inset shows the details of
superconducting transition from 10 to 40 K. The upper inset shows
temperature dependence of normal-state Hall coefficient for crystal
sample.
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Single-crystal neutron diffraction studies on superconductors A2Fe4Se5, where A ¼ Rb, Cs, (Tl, Rb),
and (Tl, K) (Tc " 30 K), uncover the same Fe vacancy ordered crystal structure and the same block

antiferromagnetic order as in K2Fe4Se5. The Fe order-disorder transition occurs at TS ¼ 500–578 K, and
the antiferromagnetic transition at TN ¼ 471–559 K with an ordered magnetic moment "3:3!B=Fe at

10 K. Thus, all recently discovered A intercalated iron selenide superconductors share the common

crystalline and magnetic structure, which are very different from previous families of Fe-based super-

conductors, and constitute a distinct new 245 family.
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The iron pnictide and chalcogenide superconductors, as
exemplified by the ReFeAsðO; FÞ [1–4], ðBa;KÞFe2As2 [5],
Li1%xFeAs [6], and Fe1þxSe [7] families of materials, share
the Fe square lattice as the common structure feature,
which determines the electronic states at the Fermi sur-
faces responsible for high-Tc superconductivity [8]. The
Fe1þxðSe;TeÞ and Li1%xFeAs have the same crystal struc-
ture [9–11], in which the excess Fe and Li deficiency at the
same crystallographic site serves to maintain an oxidation
state of the Fe ion close to þ2. Recently, K0:8Fe2Se2,
regarded as K intercalated FeSe in the BaFe2As2 structure,
has been discovered as a superconductor with Tc above
30 K [12]. Subsequent works replacing K by Rb or Cs
[13,14] have led to more new superconductors of Tc up to
"32 K. The heavy departure of Fe from the þ2 valency
implied by the nominal chemical formulas seem supported
by angle-resolved photoemission (ARPES) measurements
[15], which would upset the theoretical foundation of the
prevailing mechanism of previously discovered Fe-based
superconductors [16–19].

However, x-ray and neutron diffraction structure refine-
ment studies have shown that the correct compositions for
the A ¼ K or Cs intercalated iron selenide superconductors
are close to A0:8Fe1:6Se2 [20,21]. Thus, the new super-
conductors are not heavily electron doped as previously
thought, and Fe has a formal oxidation state close toþ2 as
in the Fe1þxðSe;TeÞ superconductors [9,10]. The"20% Fe
vacancies in K0:8Fe1:6Se2 are not randomly distributed in
the BaFe2As2 structure below an order-disordered transi-
tion at TS ' 578 K [21]. Instead, they form an ordered
structure with the Fe1 site almost empty and the Fe2 site
fully occupied in the
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Figs. 1(b) and 1(c) [21]. At a slightly lower temperature,
TN ' 559 K, magnetic moments carried by Fe ions at the

Fe2 site develop a block checkerboard antiferromagnetic
order. The Fe vacancy and antiferromagnetic order also
drastically alter the topology of the Fermi surface accord-
ing to band structure calculations [22,23], which would

FIG. 1 (color online). (a) Magnetic susceptibility of A2Fe4Se5
[A ¼ Rb, Cs, (Tl, K), and (Tl, Rb)] showing the superconducting
transition. (b) Common crystal and magnetic structure in the
tetragonal I4=m unit cell. The cyan sphere represents Se, the
yellow sphere the intercalating A, the orange cube the Fe1
vacancy site, and the purple sphere the occupied Fe2 site with
a þð%Þ sign indicating the up(down) magnetic moment along
the c axis. There are 4 f.u. per cell. (c) The top Fe-Se layer. The
dark and light cyan plaquettes emphasize the four-spin blocks of
the up and down spins, respectively, which forms a checkerboard
nearest-neighbor antiferromagnetic pattern. From one Fe layer to
another, magnetic moments are antiferromagnetically coupled.
The solid line denotes the I4=m unit cell, one of the two twins,
which breaks the high-temperature symmetry of the I4=mmm
unit cell (dashed line) at the Fe order-disorder transition at TS.
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the Fe square lattice as the common structure feature,
which determines the electronic states at the Fermi sur-
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by angle-resolved photoemission (ARPES) measurements
[15], which would upset the theoretical foundation of the
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However, x-ray and neutron diffraction structure refine-
ment studies have shown that the correct compositions for
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are close to A0:8Fe1:6Se2 [20,21]. Thus, the new super-
conductors are not heavily electron doped as previously
thought, and Fe has a formal oxidation state close toþ2 as
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vacancies in K0:8Fe1:6Se2 are not randomly distributed in
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vacancy site, and the purple sphere the occupied Fe2 site with
a þð%Þ sign indicating the up(down) magnetic moment along
the c axis. There are 4 f.u. per cell. (c) The top Fe-Se layer. The
dark and light cyan plaquettes emphasize the four-spin blocks of
the up and down spins, respectively, which forms a checkerboard
nearest-neighbor antiferromagnetic pattern. From one Fe layer to
another, magnetic moments are antiferromagnetically coupled.
The solid line denotes the I4=m unit cell, one of the two twins,
which breaks the high-temperature symmetry of the I4=mmm
unit cell (dashed line) at the Fe order-disorder transition at TS.
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coexistence or phase separation? 

As in previous x-ray and electron single-crystal diffrac-
tion studies [20,31,32], twins with the same c-axis exist in
all crystals examined in this neutron single-crystal diffrac-
tion study. They show up as those superlattice peaks at
noninteger h indices in Fig. 2. For example, the
ð"1:41; 0; ‘Þ with ‘ even in Fig. 2(a) can be identified as
the Fe vacancy peaks (11‘) from a twinned domain. During
the data reduction, care was paid to resolve the twin
distribution. Data collected using WAND and the four-
circle diffractometer were consistent with each other. The
data analysis was conducted using the FULLPROF program
suite. The relative occupancy of Tl and Rb (Tl and K) was
fixed by that from the energy dispersive x-ray spectro-
scopic measurements since our neutron diffraction refine-
ments did not have enough sensibility for an independent
determination. Fixing or floating the ratio does not affect
appreciably the value of the refined magnetic moment. The
total number of independent Bragg reflections used in the
refinements were 155, 131, 190, and 132 for the A ¼ Rb,
Cs, (Tl, K), and (Tl, Rb) samples, respectively, and the RF
factors were 4.8%, 5.6%, 4.5%, and 7.7%, respectively. A
summary of the results of the four superconductors inves-
tigated in this study is listed in Table I, together with those
of K2Fe4Se5 from a previous study [21].

Two separated phase transitions due to the antiferromag-
netic order and the iron vacancy order have been discov-
ered in a neutron diffraction study on K2Fe4Se5 [21], but
only the magnetic transition has been reported previously
for the Cs compound in a combined!SR and thermometry
study [33]. In Fig. 3(a), the integrated intensity of the
magnetic Bragg peak (103) and structural Bragg peak
(118) of Cs2Fe4Se5, simultaneously measured on WAND,
is shown as a function of temperature. Similar to the case of
the K intercalated superconductor, there are two separated
magnetic and structural transitions at TN ¼ 471ð4Þ K and
TS ¼ 500ð1Þ K, respectively. The order parameters at QS

andQM look very similar to those of K2Fe4Se5 [21], albeit
now that the magnetic and structural transition tempera-
tures of TN and TS are lower (Table I and Fig. 3). The TN

reported here agrees with TN % 477 K from the previous
!SR study [33], which also reports a microscopic

coexistence of superconductivity and an unidentified anti-
ferromagnetic order in a nominal Cs0:8Fe2Se1:96 (Tc %
28:5 K) superconductor. The TS agrees with that from an
x-ray study appearing after we finished the measurement
[34]. This is different from previous Fe-based supercon-
ductors where an antiferromagnetic order coexisting with
superconductivity can be regarded as a relic from the
parent antiferromagnet [35]; the antiferromagnetic order
in 245 superconductors is very strong. In addition to the
high TN , all the magnetic moments listed in Table I at
&10 K are higher than the previous record 2!B=Fe found
in nonsuperconducting parent compounds [9].
The structural peak atQS, which represents the breaking

of the high-temperature I4=mmm symmetry when the
vacant (orange cube in Fig. 1) and occupied (purple sphere
in Fig. 1) Fe sites segregate below TS, saturates rapidly to
its low temperature value [Fig. 3(a)]. Therefore, below the
room temperature where relevant physics processes relat-
ing to the superconductivity occur, we are dealing with a
well-ordered crystal structure in the I4=m symmetry.
Structurally, and consequently electronically, using the
BaFe2As2 family of superconductor materials as a model
is too remote to the reality. The modification of the
electronic structure by the new I4=m crystal symmetry

TABLE I. Physical properties of the A2Fe4Se5 superconduc-
tors. Lattice parameters at 295 K and the ordered magnetic
moment of Fe at 295 K (m) and at &10 K (M) are listed with
Tc, TN , and Fe vacancy order-disorder transition TS.

A K Rb Cs Tl, K Tl, Rb

a ( !A) 8.7306(1) 8.788(5) 8.865(5) 8.645(6) 8.683(5)
c ( !A) 14.1128(4) 14.597(2) 15.289(3) 14.061(3) 14.388(5)
m (!B) 2.76(8) 2.95(9) 2.9(1) 2.61(9) 2.7(1)
M (!B) 3.31(2) 3.3(1) 3.4(2) 3.2(1) 3.2(1)
Tc (K) 32 32 29 28 32
TN (K) 559(2) 502(2) 471(4) 506(1) 511(1)
TS (K) 578(2) 515(2) 500(1) 533(2) 512(4)

FIG. 3 (color online). (a) Magnetic (103) and structural (118)
Bragg peaks vs the temperature, serving as order parameters for
the antiferromagnetic and Fe vacancy order-disorder transitions,
respectively, in Cs2Fe4Se5. (b) Normalized magnetic Bragg
intensity representing the squared magnetic moment as a func-
tion of the temperature for A2Fe4Se5 superconductors. Inset:
Magnetic (101) peak of ðTl;RbÞ2Fe4Se5 showing that its inten-
sity saturates when Tc is approached.
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