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a b s t r a c t

We present an overview of the electronic properties of iron arsenic high temperature superconductors
with emphasis on low energy band dispersion, Fermi surface and superconducting gap. ARPES data is
compared with full-potential linearized plane wave (FLAPW) calculations. We focus on single layer NdFe-
AsO0.9F0.1 (R1111) and two layer Ba1�xKxFe2As2 (B122) compounds. We find general similarities between
experimental data and calculations in terms of character of Fermi surface pockets, and overall band dis-
persion. We also find a number of differences in details of the shape and size of the Fermi surfaces as well
as the exact energy location of the bands, which indicate that magnetic interaction and ordering signif-
icantly affects the electronic properties of these materials. The Fermi surface consists of several hole
pockets centered at C and electron pockets located in zone corners. The size and shape of the Fermi sur-
face changes significantly with doping. Emergence of a coherent peak below the critical temperature Tc

and diminished spectral weight at the chemical potential above Tc closely resembles the spectral charac-
teristics of the cuprates, however the nodeless superconducting gap clearly excludes the possibility of d-
wave order parameter. Instead it points to s-wave or extended s-wave symmetry of the order parameter.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction display structural [1,8,5,9,10] and magnetic [6,7] phase transitions
The discovery of superconductivity in oxypnictides [1–3] and
later in oxygen free iron arsenic compounds [4,5] created a new,
very vibrant field of research. Rather high critical superconducting
transition temperatures (�50 K) and upper critical fields (�100 T)
combined with highly ductile mechanical properties make these
materials very promising for practical applications. From a scien-
tific perspective these materials are providing us with an abso-
lutely fascinating new playground for studying the relation
between magnetism and superconductivity. This prompted signif-
icant experimental [6–32] and theoretical [33–44] effort to under-
stand the physics governing their interesting properties and the
(most likely exotic) mechanism of superconductivity. The un-
doped, non-superconducting systems of both oxygen containing
RFeAsO (R = La, Nd, Sm) and oxygen free BFe2As2 (B = Ba, Sr, Ca)
ll rights reserved.

ki).
at elevated temperatures. Doping RFeAsO with fluorine (electron
doping) as well as BFe2As2 with potassium (hole doping) or substi-
tution the Fe with either Nickel (electron doped) or Cobalt (hole
doped) leads to a suppression of the structural and magnetic tran-
sition temperature. This extends the tetragonal phase down to low
temperatures and leads to the emergence of superconductivity [1–
5]. Understanding the electronic properties of both high and low
temperature phases and symmetry of the order parameter is there-
fore instrumental to uncover the mechanism of the superconduc-
tivity in these materials.

2. Experimental details – crystal growth

Single crystals of the parent compound, BaFe2As2, and potas-
sium-doped samples, Ba1�xKxFe2As2, with an approximate doping
x = 0.45 were grown out of a Sn flux using conventional high tem-
perature solution growth techniques [5]. Large (up to 2 �2 mm)
single crystals were cleaved in situ yielding flat mirror-like sur-
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faces. High pressure synthesis of NdFeAsO0.9F0.1 samples was car-
ried out in a cubic, multi-anvil press, with an edge length of
19 mm from Rockland Research Corporation. Stoichiometric
amounts of NdFe3As3, Nd2O3, NdF3 and Nd were pressed into a pel-
let with a mass of approximately 0.5 g and placed inside of a BN
crucible with an inner diameter of 5.5 mm. The synthesis was car-
ried out at a pressure of 3.3 GPa. The temperature was increased,
over 1 h, from room temperature to 1350–1400 �C and then held
there for 8 h before being quenched to room temperature. The
pressure was then released and the sample was removed mechan-
ically. This synthesis produced a high density pellet that contained
large grains (up to 300 � 200 lm in cross-section [27]) of super-
conducting (Tc � 53 K) NdFeAsO0.9F0.1 as well as non-superconduc-
ting NdOFeAs. In addition there are inclusions of FeAs and Nd2O3.
Magneto optical measurements [27] indicate that on average the
samples are over 50% superconducting. The single crystals were
extracted mechanically from the pellet.

3. Experimental details – ARPES and band calculations

Samples were mounted on Al pins using either Torr seal vacuum
epoxy or Epotek HD21D silver epoxy. They were cleaved in situ
yielding a flat mirror-like surface. ARPES experiments performed
at Synchrotron Radiation Center (SRC) utilized Scienta SES2002
end station on the PGM beam line with photon energies 20–
77 eV, �100 lm beam and energy resolution set at 16 meV. Exper-
iments at Ames Laboratory were performed using ultra-high reso-
lution ARPES spectrometer consisting of a Scienta SES2002
analyzer, GammaData ECR UV source and custom designed refo-
cusing optics with 1 mm beam, 21.2 eV (He I) and 40.8 eV (He II)
photons with the energy resolution set to 5 meV. Experiments at
Advanced Light Source were performed using beamlines 7.0.1
(SES4000) with 50 lm beam size and resolution set at 30 meV. Fer-
mi energy was determined using the spectral edge of evaporated
Au or Al in electrical contact with the sample. Our full-potential
linearized plane wave (FLAPW) calculations [44] used the local
density approximation (LDA) [45], and the experimental lattice
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Fig. 1. Measured and calculated Fermi surface of NdFeAsO1�xFx. (a) Angle intergrated spe
Fermi surface map – intensity of the photoelectrons integrated over 20 meV about the c
mark the locations of the Fermi surface. (c) The locations of the Fermi crossings extracte
77 eV photons. (e) Same data as in (c) but obtained with 77 eV photons. (f) 3-Dimensiona
section at kz = 0 (X–C–M plane) obtained by FLAPW calculations.
constants [4] for the undoped parent compound BaFe2As2 and
potassium-doped Ba1�xKxFe2As2 with x = 0.4. Total energy minimi-
zation was used to determine the z location of the arsenic atom
zAs = 0.341c.

4. Electronic properties of NdFeAsO0.9F0.1

There is significantly less data available on the electronic struc-
ture of R111 [21,20] systems mainly due to the lack of availability
of large single crystals that are essential for an accurate determina-
tion of the electronic structure. The presence of multiple phases in
polycrystalline samples can often contaminate the pristine spectra.
As an example we plot in Fig. 1a a comparison of the photoemis-
sion data from polycrystalline samples and angle integrated mea-
surements from single crystals. The strong intrinsic peak just
below the chemical potential is very strongly suppressed in the
polycrystalline samples. A common method for illustrating the
topology of the Fermi surface is to plot the ARPES intensity at
the chemical potential as a function of momentum [46,47]. In
Fig. 1b and d we plot the ARPES intensity integrated within
20 meV about the chemical potential from data obtained using
22 eV and 77 eV photons. The brightest areas in these plots indi-
cate high photoelectron intensity and therefore approximate to
the location of the Fermi surface. To obtain more accurate informa-
tion we have extracted the exact locations of the Fermi momentum
from momentum distribution curves (MDCs) using a procedure de-
scribed elsewhere [47] and plot them in panels 1 (c) and (e). Our
data show that indeed this system has a Fermi surface that consists
of two main contours: a larger one centered at C(0,0) and a smaller
one centered at the corners of the Brillouin zone. For comparison
we plot the 3-dimensional (3D) Fermi surfaces based on FLAPW
band calculations for NdFeAsO1�xFx with x = 0.1 in Fig. 1f. A 2D
cut at C (kz = 0) is shown in Fig. 1g. We note that there are both
similarities and differences between the data and calculations.
Overall the calculation predicts Fermi surface sheets centered at
C and M, in agreement with our measurements. The main differ-
ence between theory and experiment is the number and relative
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Fig. 2. Measured and calculated band dispersion of NdFeAsO0.9F0.1. Locations of the cuts are indicated by green lines in Fig. 1b. (a) Measured ARPES intensity along the X–C–M
direction (T = 70 K). Black dashed curves are guides to the eye. (b) Energy distribution curves (EDCs) for data in panel a) at T = 70 K. (c) and (d) EDCs (T = 70 K) in the directions
shown in Fig. 1b. Blue curves mark the Fermi crossing momenta kF. (e) Band dispersion along the symmetry directions for NdFeAsO1�xFx with x = 0.1 obtained from FLAPW
calculations.

1 For interpretation of color in Figs. 2, 3 and 5, the reader is referred to the web
version of this article.
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size of the FS sheets. According to calculation there should be two
sheets around each symmetry point. It is quite possible that the
separation between the sheets is smaller than the calculated result
and not sufficient to resolve in the experiment. A second disagree-
ment is in the size of the C-pocket. Experimentally the FS ‘‘tube”
crosses the band(s) about half-way from C to X, while theory has
the band crossing EF at about 0.27 of the C to X distance
[Fig. 1g]. This qualitative disagreement between theory and exper-
iment can have a number of origins. The band calculation are very
sensitive to the distance between the Fe–As ionic sites. On the
other hand surface sensitivity of ARPES can also play a role.
The band dispersion along selected cuts (indicated by 1green ar-
rows in Fig. 1b is shown in Fig. 2. Panel 2 (a) shows the intensity map
along the X–C–M symmetry line. Bright areas on this graph mark the
locations of the bands. From these data we can identify the topology
of the main Fermi surface components. The Fermi surface centered at
C is hole-like, i.e., the unoccupied states are on the top of this band.
In contrast, the Fermi surface centered at M is electron-like with the
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bottom of the band located at �50 meV below the chemical poten-
tial. In addition to these two conduction bands, there are also two
very prominent fully occupied bands at this particular incident pho-
ton energy. The tops of both are centered at C. The first is located
just 50 meV below the chemical potential. The second band has a
rather flat top which is located at �200 meV below the chemical po-
tential. This band is most likely responsible for the strong peak in an-
gle integrated measurements. Energy distribution curves (EDCs) for
the above data are shown in panel (b). The dispersion of the peaks
in this plot agrees with the above description of the Fermi surface
topology. The band dispersion close to the chemical potential for
the C-pocket and M pocket are plotted in panels 2 (c and d), respec-
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Fig. 3. The magnitude of the superconducting gap along the C hole pocket of NdFeAsO
Bright areas mark location of the Fermi surface. (b) ARPES intensity (T = 20 K) along a C–M
dispersion. (c) Comparison of the EDC’s in superconducting state along C–X and C–M dir
the Brilloiun zone with green dots marking points where superconducting gap was mea
gap around the C-pocket in polar coordinates. It is clear from this graph that the gap is a
indicating conventional s-wave or slightly anisotropic s-wave behavior at the C-pocket. Th
consistent with this data.
tively. The location of the Fermi momenta are marked by blue solid
lines. In panel 2 (e) the calculated band structure along high symme-
try directions for NdFeAsO1�xFx (x = 0.1) is presented for comparison.

We now proceed to discuss the symmetry of the superconduc-
ting gap along the C-pocket. A plot of the ARPES intensity inte-
grated over ± 20 meV about the Fermi energy as a function of
momentum [46,47] is shown in Fig. 3a. We focus on two different
Fermi momentum points along the high symmetry directions, C–X
and C–M, respectively (marked with blue and red dots, respec-
tively). The ARPES intensity along C–M cut is shown in Fig. 3b as
a function of momentum and energy for T = 20 K, deep in the
superconducting state. At first glance this plots exhibit all the char-
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acteristics of a sample in the superconducting state: a buildup of
intensity just below the chemical potential in shape of an arc
due to formation of superconducting coherent peak and particle-
hole mixing [48]. This peak appears only below Tc in fashion sim-
ilar to one reported in cuprates [49,50]. The width of the coherent
peak (�20 meV) is mostly limited by the experimental energy res-
olution. In order to compare the gap sizes along the two different
directions, we plot the EDCs in Fig. 3c and the corresponding sym-
metrized EDCs in Fig. 3d. The superconducting gap can be easily
estimated from the EDC data by either fitting a BCS-like spectral
function [51] or evaluating the binding energy of the coherent
peak. It should be noted that both methods yield very similar re-
sults. We found that the superconducting gap has a comparable va-
lue �15 ± 1.5 meV in both directions. The gap along C–X appears
slightly bigger than along the C–M direction (all data points of
the peak are further from the chemical potential and the dip is lar-
ger), however we cannot conclude this with great certainty given
the experimental error bars. We measured the ARPES spectra at a
multiple Fermi momenta points around the C-centered hole pock-
et (C-pocket), in order to obtain the symmetry of the superconduc-
ting gap. We covered a wide range of the Fermi surface angle
(21� 6 / 6 107�), which is roughly a quarter of the Fermi surface
as shown in Fig. 3e. The results are shown in Fig. 3f in polar coor-
dinates. To give a better sense of the gap symmetry we copied the
results from one quadrant into the other three quadrants using the
crystal symmetry axes. We use blue symbols to mark the measured
data and red ones to indicate the data points that are a reflection of
the actual data. The superconducting gap is never zero around the
Fermi surface, indicating a lack of nodes. This excludes simple p- or
d-wave pairing scenarios, which have nodes on the Fermi surface.
In the simplest scenario, our data is consistent with isotropic s-
wave behavior, however we cannot exclude the possibility of a
small anisotropy being present of order of 20% due to the finite er-
ror bars.This would also be consistent with a pairing state with
nodes of the gap-function between distinct sheets of the Fermi sur-
face. Such an anisotropic gap is indicated in Fig. 3f by the green line
which shows a 20% anisotropy and lies within the error bars of our
experiment in agreement with penetration depth measurements
[28,29]. To distinguish between the subtle signatures of this lim-
ited subset of models, an additional ARPES study with significantly
smaller error bars is necessary. However, our data already clearly
excludes pairing states with gap nodes on the Fermi surface.
Fig. 4. Measured Fermi surface (FS) of BaFe2As2 and Ba1�xKxFe2As2 and calculated
FS for undoped case. Panels (a) and (b) adopted from Ref. [21]. (a) FS map of
BaFe2As2 – intensity of the photoelectrons integrated over 20 meV about the
chemical potential obtained with 40.8 eV photons. Experiment was done at
T = 100 K. Areas of bright color mark the locations of the FS. (b) FS map of
Ba1�xKxFe2As2 with nominal x = 0.45 measured under the same conditions as (b). (c)
FS map of BaFe2As2 obtained with 100 eV photons over several Brillouin zones. (d)
3-Dimensional FS of Ba1�xKxFe2As2 for x = 45% at T = 40 K obtained from FLAPW
calculations.
5. Electronic properties of Ba1�xKxFe2As2 (B122) with x = 0 and
x = 0.45

The recent growth of large, high quality single crystals of Ba-
Fe2As2 (B122, where B = Ba, Sr or Ca) [5] has opened up the possi-
bility of examining the electronic properties of these materials
more readily than the R111 system. Here we focus on the elec-
tronic structure of undoped and potassium-doped BaFe2As2. In
Fig. 4a and b we plot the integrated ARPES intensity within
20 meV energy range about the chemical potential for undoped
and K-doped samples. The Fermi surface of undoped BaFe2As2 con-
sists of a smaller hole pocket centered at C and larger electron
pockets at X points, whose spectrum at two corners in the k1,�1,0

direction is somewhat more intense. In the potassium-doped sam-
ples (Fig. 4b) the C-pocket becomes larger and the X-pocket
shrinks, which is consistent with hole doping of carriers. In
Fig. 4c we plot the Fermi surface map obtained with 100 eV pho-
tons over several Brillouin zones. We note that the X-pockets in
doped samples have a characteristic ‘‘starrish” shape, resembling
to a degree results of FLAPW calculations. The variation of intensity
around each contour of both C- and X-pockets is most likely due to
photoemission matrix elements.
In Fig. 5 we plot the experimental band dispersion data perpen-
dicular to the C–X direction along cuts through the X and C points
(i.e. along the k1,�1,0 direction). For both the x = 0 and x = 0.45 dop-
ing levels, the hole pockets at C and the electron pockets at X are
shown and are in general agreement with band calculations. Here,
we can examine the relative size of the hole pockets and the elec-
tron pockets in more detail by studying the Fermi crossing mo-
menta (kFs) marked by blue curves in Fig. 5c, d, h and i. These kFs
were determined from the most intense points in the MDCs at
the Fermi level. The number of EDCs between two kFs is propor-
tional to the actual size of each pocket. The calculated Fermi sur-
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face of BaFe2As2 (Fig. 5e) resembles one for LaFeAsO [33,34]. The
band structure for undoped BaFe2As2 is shown in Fig. 5e and one
calculated for doped case using virtual crystal method is shown
in Fig. 5j. Clearly, in the undoped parent compound both in exper-
imental data as well as calculation the X-pocket is larger than the
C-pocket, whereas in the x = 0.45 potassium-doped samples, the
opposite is the case. This effect is consistent with the idea of ri-
gid-band shifting, namely, potassium doping lowers the chemical
potential of the parent compound, while the shapes of the bands
are left unchanged. A second notable doping dependent feature is
the energy shift of two fully occupied bands, marked by black ar-
rows in Fig. 5b, e, g and j, where Fig. 5 e and j plot the calculated
band structure of undoped BaFe2As2 and potassium-doped Ba1�xKx-

Fe2As2 with x = 0.45, respectively. These arrows point to similar
characteristic features in experimental data and calculations and
how they change upon doping. On potassium doping, the upper
band shifts to lower binding energy by �130 meV, while the lower
band shifts to lower binding energy by �180 meV. This fact is in
qualitative agreement with band structure calculations. A third
feature notable in Fig. 5 is the missing of bilayer splitting in the
measured data. Most likely this is due to extrinsic broadening of
the ARPES lineshape. All these doping dependent features point
to the conclusion that the FLAPW approximation is valid in both
undoped and hole-doped iron arsenic superconductors.

6. Conclusions and outlook

We examined the electronic structure and properties of the
R111 and B122 iron arsenic superconductors. We find fair resem-
blance between measured and calculated band structure and Fermi
surface. At present it is difficult to establish the degree of the sim-
ilarity. While several different interpretations of very broad fea-
tures in terms of band dispersion and Fermi surface have been
proposed [18,19,22,23,25], it is not possible at present to distin-
guish between these scenarios. This applies in particular to the
shape of the electron pocket surrounding the X(M) points as well
as the number of bands forming hole pockets around the C point.
The origin of significant broadening is not known, but most likely it
is extrinsic and related to either condition of the cleaved surface or
crystal quality. Certainly more experimental effort is required to
establish the shape of the electron pocket Fermi surface and the ex-
act band dispersion in these materials.

In R111 system we find nodeless superconducting gap consis-
tent with results of recent penetration depth measurements
[28,29]. In R122 system the situation is more complicated, as
ARPES reports nodeless superconducting gap, while penetration
depth measurements support existence of nodes [30,32]. A possi-
ble explanation is that the superconducting gap does not have
nodes at the particular kz location studied by ARPES [19,24], how-
ever nodes do exist at other points along the kz axis. Further de-
tailed studies involving larger range of momenta is required to
resolve this disagreement.
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