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Abstract 

 We have performed the two-dimensional photoelectron spectroscopy measurements on 

BaFe2As2 with linearly polarized synchrotron radiation in order to determine d orbital 

characters of the Fermi surfaces of the iron-based superconductors. By rotating the sample, 

we have obtained the Fermi surfaces with four-fold symmetry. However, the 

symmetry-lowered photoelectron intensity angular distribution indicates that the Fermi 

surface around the (Z) point consists of dyz, dzx, and d3z
2

-r
2
 orbitals.  

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

 Since the discovery of a new high-Tc superconductivity in F-doped LaFeAsO [1], the 

high-Tc research of these iron pnictides has progressed more explosively than for the 

cuprates. These new iron-based superconductors have some common properties with the 

cuprates, such as the layered crystal structures and antiferromagnetic ordering in the parent 

compounds. And many different families of pnictides have been discovered. For example, 

based on the similar structure to LaFeAsO, BaFe2As2 was proposed as a potential new 

parent compound [2] and indeed showed the superconductivity by hole doping [3]. The 

ternary iron arsenide BaFe2As2, with the tetragonal ThCr2Si2-type structure (space group 

I4/nmm), contains the layers of edge-sharing FeAs4/4 tetrahedra, separated by barium atoms, 

and exhibits a spin-density wave anomaly at 140 K [2]. In spite of the above-mentioned 

common properties with the cuprates, iron pnictides show very different electronic 

structures. Unlike the cuprates, the Fermi surfaces of the iron-based superconductors show 

a three-dimensional dispersion and are composed of multiple bands and orbitals. For 

example, angle-resolved photoelectron spectroscopy (ARPES) results on BaFe2As2 show 

that the hole-like Fermi surfaces (FSs) around the Brillouin zone (BZ) center ( point) has 

strong modulation along the kz direction, whereas the electron-like FSs around BZ corner 

(X point) is almost cylinder-like with weak kz modulation [4]. For the electron-doped 

BaFe2As2, orbital characters of the multibands have been reported by the polarization 

dependent ARPES study, pointing out the inadequacy of the band structure calculations [5]. 

However, the conventional polarization dependent ARPES tells us only even or odd 

symmetry of the initial state. On the other hand, a two-dimensional photoelectron intensity 

angular distribution (PIAD) obtained by using a polarized synchrotron radiation (SR) and a 

two-dimensional display-type spherical mirror analyzer (DIANA) [6] can resolve the 

atomic orbitals [7]. For example, two-dimensional photoelectron spectroscopy (2D-PES) 

measurements on Cu with linearly polarized SR have revealed that the FS of Cu is 

composed of mainly 4p orbitals with their axes pointing outward [8]. In this work, we have 

performed the 2D-PES measurements on the parent compound of BaFe2As2 with linearly 

polarized SR light in order to determine the d orbital character.  

 

 

2. Experimental 

The experiment was performed at the linearly polarized soft x-ray beamline BL-7 of SR 

center, Ritsumeikan University [9]. The electric vector of the linearly polarized SR light 

was in the horizontal plane and incident on the sample normal. The single crystals of 

BaFe2As2 were grown by the self-flux method [10]. The BaFe2As2 single crystal sample 



was cleaved in situ in an ultrahigh-vacuum chamber to obtain a clean surface. The surface 

quality was checked by low energy electron diffraction measurement, showing 1×1 spots. 

The 2D-PES measurements were performed at room temperature under ultrahigh vacuum of 

~ 1 × 10
-8

 Pa using DIANA [6, 11] with SR light. A 2D-PIAD and a stereo profile of the FS 

are efficiently obtained by using DIANA. 2D-PIADs of this experiment were collected by 

energy window of 300 meV. Typical acquisition time for one PIAD was 30 sec. The photon 

energy was set to about 46.5 eV in order to trace the  plane in the three-dimensional BZ. 

The total energy resolution was about 600 meV. The angular resolution was about 1◦.  

 

 

3. Results 

Figure 1 (a) shows the angle-integrated spectrum of BaFe2As2 taken with h = 46.5 eV. As 

the previous works on the other iron pnictides [12], the Fe 3d derived sharp peak appears at 

the Fermi level. As shown in Fig. 1(b), the PIAD pattern near the Fermi level shows strong 

intensity near (Z) and X points, which correspond to the hole-like FSs near the  point and 

Fig. 1 2D-PES result of BaFe2As2 taken with h = 46.5 eV. (a) Angle-integrated PES spectrum. The PIADs 

at E = 0.0 eV (b), -0.2 eV (c), -0.4 eV (d), -0.6 eV (e), and -0.8 eV (f). Solid lines indicate the  plane in 

the three-dimensional BZ. Some symmetry points are depicted in (b). The electric vector  of the incident 

light is in the horizontal direction.  



the electron-like FSs near the X point [4]. As shown in Fig. 1(b)-(f), the series of PIAD 

change with energy, reflecting the band dispersion of Fe 3d. With decreasing the energy, the 

Fe 3d state at (Z) point becomes weakened below ~ -0.6 eV. This observation is also 

consistent with the fact that the Fe 3d bands around  point have a gap below ~ -0.6 eV [5]. 

However, the symmetry of the PIAD pattern was different from the expected one with a 

four-fold symmetry due to the tetragonal crystal structure of BaFe2As2 [2]. This is due to 

the matrix element effect of the incident linearly polarized SR light. This effect is discussed 

below. By rotating the sample around the surface normal (c-axis), the angle-dependent 

PIADs near the Fermi level were obtained. As shown in Fig. 2, the PIADs rotates clockwise 

with increasing the azimuth angle The PIADs of  = 90° and  = 135° are similar to 

those of  = 0° and  = 45°, respectively. This indicates that the measured electronic  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Angle-dependent PIADs at the Fermi level (E = 0.0 eV) taken with h = 46.5 eV. The PIADs of  = 

0° (a), 45° (b), 90° (c), and 135° (d). Solid lines indicate the  plane in the three-dimensional BZ. The 

electric vector of the incident light is in the horizontal direction.  



structure indeed has a four-fold symmetry due to the tetragonal crystal structure of 

BaFe2As2 [2].  

 

 

4. Discussion 

 The analysis of two-dimensional PIAD from a tight-binding approximated valence band 

and a Bloch-wave final state showed that the photoelectron intensity I(k, k) in the 

direction of polar angle k and azimuth angle k can be expressed as [8, 13]: 

I(k, k) ~ D
1
(k//) |v A|

2
,  

where D
1
(k//) is the one-dimensional density of states [14] and A is the “angular 

distribution from the -th atomic orbital” [15].  

First, the D
1
(k//) was obtained using the five band tight binding calculation [16]. As shown 

in Fig. 3, the calculated FS (small enough energy window of 10 meV) [Fig. 3(a)] well 

reproduces both the previous experimental and theoretical results [4, 5, 16] while the 

simulated FS [Fig. 3(b)] for this experimental condition seems very different because of the 

finite energy window of 300 meV. Nevertheless, the strong intensity around  point is the 

same feature for both the simulated and the experimental FSs. Therefore, we can compare 

the experimental FS with this simulated FS around  point. 

Next, the |A|
2
 from each d orbital was calculated according to Ref. [15]. As shown in Fig. 

4, the angular distribution from an atomic orbital is not uniform but unique to the atomic 

orbital due to the relation between the polarization vector of the incident SR and the atomic 

Fig. 3 Calculated Fermi surfaces for BaFe2As2. Energy window is set to 10 meV (a) and 300 meV as the 

same condition as this experiment (b).  



orbital. Therefore, comparing the experimental PIAD with these angular distributions from 

the atomic orbitals, one can determined the atomic orbitals constituting the FS. Here it 

should be noted that the angular distribution from dzx orbital for  = 90° is the same as that 

from dyz orbital for  = 0° and vice versa.  

By multiplying the D
1
(k//) [Fig. 3] and the |A|

2
 [Fig. 4], simulated PIADs for the BaFe2As2 

FS taken with h = 46.5 eV are obtained [Fig. 5]. Here, the work function of the sample is 

assumed to be 4.5 eV. For  = 0° (90°), the prominent feature around the center (0 Å
-1

, 0 

Å
-1

) comes from dzx (dyz) orbital and the features around (±1 Å
-1

, ±1 Å
-1

) and (±2.2 Å
-1

, 0 

Å
-1

) are due to d3z
2

-r
2
 orbital. For  = 45° (135°), the prominent features around (±1.6 Å

-1
, 0 

Å
-1

) comes from d3z
2

-r
2
 orbital and the weak feature around the center (0 Å

-1
, 0 Å

-1
) is due to 

Fig. 4 Calculated angular distributions from each d atomic orbital for  = 0° and 45° [16].  

Fig. 5 Simulated PIADs for the BaFe2As2 FS taken with h = 46.5 eV. The FS is assumed to be composed 

of each d atomic orbital for  = 0° and 45°.  

 



both dzx and dyz orbitals. As shown in Fig. 2, the experimental FS shows strong structures 

around the center (0 Å
-1

, 0 Å
-1

) independent of the angle , indicating that the dzx and dyz 

orbital components are necessary to reproduce these experimental results. Furthermore, 

strong structures around (±1.8 Å
-1

, 0 Å
-1

) observed for  = 45° (135°) suggest that d3z
2

-r
2
 

orbital component is also needed. This is also confirmed by the weak structures observed 

around (±1 Å
-1

, ±1 Å
-1

) for  = 0° (90°), though the lack of intensities around (1 Å
-1

, 1 Å
-1

) 

and (±2.2 Å
-1

, 0 Å
-1

) may be due to the experimental apparatus problem and the proximity 

to the detector periphery, respectively.  

 

 

5. Conclusions 

 We have performed two-dimensional photoelectron spectroscopy measurements on 

BaFe2As2. We have observed the BaFe2As2 Fermi surface which has a four-fold symmetry 

due to the tetragonal crystal structure of BaFe2As2. The photoelectron intensity angular 

distribution (PIAD), however, showed symmetry-lowered pattern due to the relation 

between the polarization vector of the incident synchrotron radiation and the atomic orbitals 

constituting the BaFe2As2 Fermi surface. Compared with the simulated PIADs from the 

atomic orbitals, it is suggested that the BaFe2As2 Fermi surface around the (Z) point is 

constituted by dyz, dzx, and d3z
2

-r
2
 orbital components.  
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