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Abstract 
We have performed two-dimensional photoelectron spectroscopy measurement on 

Ni(111) surface. A two-dimensional photoelectron intensity angular distribution 
(2D-PIAD) from the Ni(111) surface was obtained using a display-type analyzer and 
the linearly polarized synchrotron radiation. 2D-PIAD showed the symmetry-lowered 
pattern due to the polarization vector of SR light. This suggests that the Fermi surface 
of Ni(111) is constituted by a mixture of dxy, dyz, dzx atomic orbital components; T2g 
orbital. 
 
 
 
 
 
 
 
 
 
 
 



1. Introduction 
 The transition metal Ni has attracted much attention because of its interesting 

electronic, magnetic, and chemisorption properties. The electronic structures have 
been extensively studied so far. For example, photoelectron spectroscopy (PES) 
measurements have shown the narrower Ni 3d band width than that of the theoretical 
calculation and the satellite structure located around 6 eV below the Ni 3d bands, 
which have been explained by the strong electron correlation effect [1]. Furthermore, 
angle-resolved photoelectron spectroscopy (ARPES) measurements have directly 
revealed the band structure and its renormalization due to the strong electron 
correlation effect [2, 3]. Moreover, temperature dependent ARPES measurements have 
revealed that the exchange splitting vanishes above TC [4], i.e., a Stoner-like behavior 
of the exchange splitting. In addition, a surface state has been also identified on the 
Ni(111) surface [5] and they have been revealed to be exchange split by spin-resolved 
ARPES measurements [6]. Furthermore, on the stepped surface of Ni(755) [= 6(111) × 
(100)], one-dimensional surface state was found at the step edge [7] maybe due to the 
interaction with the d orbital character [8]. However, the information on the atomic 
orbital has not been so much studied. Recently, an atomic orbital analysis of the Cu 
Fermi surface (FS) has been performed and revealed that the FS is composed of mainly 
4p orbitals with their axes pointing outward [9]. In the present study, we have 
performed the atomic-orbital analysis of Ni(111) by two-dimensional photoelectron 
spectroscopy (2D-PES) measurement utilizing the linearly polarized synchrotron 
radiation (SR) light.  
 
 
2. Experiment 

The experiment was performed at the linearly polarized soft x-ray beamline BL-7 of 
SR center, Ritsumeikan University [10]. The electric vector of the linearly polarized 
SR light was in the horizontal plane and incident on the sample normal. The Ni(111) 
single crystal sample was cleaned in situ by repeated cycles of Ar+ bombardment and 
annealing to ~ 800 °C in an ultrahigh-vacuum chamber to obtain a clean surface. The 
surface quality was checked by low energy electron diffraction and Auger electron 
spectroscopy measurements. The 2D-PES measurements were performed at room 
temperature under ultrahigh vacuum of ~ 1 × 10-8 Pa using a two-dimensional 
display-type spherical mirror analyzer (DIANA) [11, 12] with SR light. A 
two-dimensional photoelectron intensity angular distribution (PIAD) and a stereo 
profile of the FS are efficiently obtained by using DIANA. 2D-PIAD of this 



experiment was collected by energy window of 100 meV. Typical acquisition time for 
one PIAD was 30 sec. The total energy resolution was about 400 meV. The angular 
resolution was about 1◦.  
 
 
3. Results 

Figure 1 (a) shows the angle-integrated spectrum of Ni(111) taken with hν = 45 eV. 
The bands near the Fermi level are mainly composed of Ni 3d states and the structure 
around -6 eV is a two-hole-bound state [1]. The contamination peak around -10 eV was 
very weak, also confirming the sample surface cleanness. As shown in Fig. 1, the 
series of PIAD change with energy, reflecting the band dispersion of Ni 3d. However, 
the symmetry of the PIAD pattern was different from the expected one with a 
three-fold symmetry due to the face-centered-cubic (fcc) crystal structure of Ni. 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 (111) surface normal, the 
angle-dependent PIADs near the Fermi level were obtained. As shown in Fig. 2, the 
PIADs rotates clockwise with increasing the azimuth angle φ. By applying mirror 

Fig. 1 2D-PES result of Ni(111) taken with hν = 45 eV. (a) Angle-integrated PES spectrum. The 

PIADs at E = 0.5 eV (b), 0.0 eV (c), -0.2 eV (d), -0.5 eV (e), -0.7 eV (f), and -1.0 eV (g). The 

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



Fig. 2 Angle-dependent PIADs at the Fermi level (E = 0.0 eV) taken with hν = 45 eV. The PIADs of 

φ = 0° (a), 30° (b), 60° (c), 90° (d), and 120° (e).  

symmetry operation horizontally to the photoelectron pattern shown in Fig. 2(b), we 
obtained a pattern which is very similar to that of Fig. 2(d). Similarly, by applying 
mirror symmetry operation vertically to the photoelectron pattern shown in Fig. 2(a), 
we obtained a pattern resembling that of Fig. 2(c). Finally, the PIAD of φ = 120° [Fig. 
2(e)] coincides with that of φ = 0° [Fig. 2(a)]. This indicates that the measured 
electronic structure indeed has a three-fold symmetry due to the fcc crystal structure of 

Fig. 3 Constant energy surfaces of Ni(111) at various energies by applying the three-fold symmetry 

to the PIADs taken with hν = 45 eV. E = 0.5 eV (a), 0.2 eV (b), 0.0 eV (c), -0.2 eV (d), -0.5 eV (e), 

-0.7 eV (f), -1.0 eV (g), -1.2 eV (h), -1.5 eV (i), -1.7 eV (j), -2.0 eV (k), -2.5 eV (l), -3.0 eV (m), and 

-3.5 eV (n).  



Ni. From these results, we concluded that the Ni bulk band structure was successfully 
obtained. By applying the three-fold symmetry to the observed PIADs, the band 
structure of Ni(111) was obtained as shown in Fig. 3. With decreasing the energy, the 
electronic structures move to the center [Fig. 3(c-h)], then move back to outer region 
[Fig. 3(h-n)]. This behavior seems to be consistent with the calculated band structure 
of Ni [13] (shown in Fig. A1), where the bands gather to Γ point and then move to X or 
K points with decreasing the energy from the Fermi level.  
 
 
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(θk, φk) in 
the direction of polar angle θk and azimuth angle φk can be expressed as_[9, 14]: 

I(θk, φk) ~ D1(k//) |Σv Aν|2,  
where D1(k//) is the one-dimensional density of states [15] and Aν is the “angular 
distribution from the ν-th atomic orbital” [16].  
First, the D1(k//) was obtained using the semiempirical band structure calculation [13]. 

The basis set contains five tight-binding d-wave functions and four orthogonalized 
plane waves (OPWs). The calculated FSs (energy window of 100 meV) and the 
corresponding k-trace are shown in Fig. 4. Here, the work function of the sample φ = 
5.2 eV [5] and the inner potential V0 = 10.7 eV [17] have been used to obtained the 
momentum perpendicular to the surface, assuming free electron final states. The 
calculated FS taken with hν = 21.2 eV [Fig. 4(a)] is similar to that of the layer 
Korringa-Kohn-Rostoker calculation [4], confirming the validity of the calculation to 

Fig. 4 Calculated Fermi surfaces for Ni. (a) The Ni(111) Fermi surface taken with hν = 21.2 eV. 

(b) The Ni(111) Fermi surface taken with hν = 45 eV. (c) Traces in k space with the Fermi 

surface.  



some extent. Therefore, we can compare the experimental FS with this calculated FS. 
Compared with the experimentally obtained and symmetrized FS [Fig. 3(c)], the 
calculated FS taken with hν = 45 eV [Fig. 4(b)] shows more complicated structures. 
This may be due to the lack of polarization vector normal to the surface. 
Next, the |Aν|2 from each d orbital was calculated according to Ref. [16]. As in the 

experimental condition, the linearly polarized SR light is incident from [111] direction. 
As shown in Fig. 5, 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 orbital. Therefore, comparing the experimental PIAD with 
these angular distributions from the atomic orbitals, one can determined the atomic 
orbitals constituting the FS. 

Fig. 5 Calculated angular distribution from each d atomic orbital [16]. (a) dxy. (b) dyz. (c) dzx. 

(d) dx
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2
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2.  

By multiplying the D1(k//) [Fig. 4] and the |Aν|2 [Fig. 5], simulated PIADs for the 
Ni(111) FS taken with hν = 45 eV are obtained [Fig. 6]. The simulated PIAD for dxy 
orbital [Fig. 6(a)] shows strong structures around bottom left and bottom right, that for 
dyz orbital [Fig. 6(b)] shows strong structures around middle right and top center, that 
for dzx orbital [Fig. 6(c)] shows strong structures around middle left and top center, that 
for dx

2
-y

2 orbital [Fig. 6(d)] shows strong structures around middle left, bottom center, 
and middle right, and that for d3z

2
-r

2 orbital [Fig. 6(e)] shows strong structures around 
top left and top right. As shown in Fig. 1(c), the experimental FS shows strong 

Fig. 6 Simulated PIADs for the Ni(111) FS taken with hν = 45 eV. The FS is assumed to be 

composed of each d atomic orbital; (a) dxy, (b) dyz, (c) dzx, (d) dx
2

-y
2, and (e) d3z

2
-r

2.  



structures around bottom and middle left, bottom and middle right, and top center. 
Therefore, the experimentally observed strong structures around bottom and middle 
left is considered to come from dxy and dzx orbitals, those around bottom and middle 
right come from dxy and dyz orbitals, and that around top center come from dyz and dzx 
orbitals. 

The atomic orbital components constituting the Ni(111) FS are also evaluated by 
considering the eigenvectors in the above mentioned semiempirical band structure 
calculation. Figure 7 shows the calculated contribution from each atomic orbital for the 
Ni(111) FS taken with hν = 45 eV. The bottom part of FS is mainly composed of dxy 
orbital, the top right part is composed of dyz orbital, and the top left part is composed 
of dzx orbital. The calculated atomic orbital distribution shows good agreement with 
the result of the atomic-orbital analysis from present measured PIADs.  

Fig. 7 Calculated contribution from each atomic orbital to the Ni(111) FS taken with hν = 45 eV. (a) 

dxy. (b) dyz. (c) dzx. (d) dx
2

-y
2. (e) d3z

2
-r

2. (f) Four OPWs, that is, sp-like component.  

 
 
5. Conclusions 

We have performed two-dimensional photoelectron spectroscopy measurements on 



Ni(111) surface. We have observed the Ni(111) Fermi surface which has a three-fold 
symmetry due to the face-centered-cubic crystal structure of Ni. 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 Ni(111) Fermi surface. Compared with the 
simulated PIADs from the atomic orbitals, it is suggested that the Ni(111) Fermi 
surface is constituted by a mixture of dxy, dyz, dzx orbital components; T2g orbital.  
 
 

Acknowledgment 
This work was partly supported by Open Research Center Project for Private 

Universities matching fund subsidy from MEXT, 2007-2011.  
 
 

Appendix: Semiempirical band structure calculation for Ni 
The basis set is 4 orthogonal plane waves (OPWs) and 5 tight-binding d wave 

functions [13]:  
φ 1 = |k + K1>, φ 2 = |k + K2>, φ 3 = |k + K3>, φ 4 = |k + K4>, 
φ 5 = |dxy>, φ 6 = |dyz>, φ 7 = |dzx>, φ 8 = |dx

2
–y

2>, φ 9 = |d3z
2

–r
2>, 

where K1 = (0,0,0), K2 = 2π/a(0,-2,0), K3 = 2π/a(-1,-1,-1), K4 = 2π/a(-1,-1,0), and a is 
the lattice constant (a = 3.52 Å for Ni). Note that the calculation is performed in the 
1/48th Brillouin zone (2π/a ≥ ky ≥ kx ≥ kz ≥ 0). The 9×9 Hamiltonian is expressed as  

Hcc Hcd 
H =

Hcd
† Hdd 

,

where Hcc is a 4×4 OPW block, Hdd is a 5×5 tight-binding d block, and Hcd is a 4×5 
hybridization block. The OPW block is expressed as  

β+α|k(8a/2π)|2 V200F0-20 V111F-1-1-1 V111F-1-11 

V200F0-20 β+α|(k+K2)(8a/2π)|2 V111F0-20F-1-1-1 V111F0-20F-1-11 

V111F-1-1-1 V111F0-20F-1-1-1 β+α|(k+K3)(8a/2π)|2 V200F-1-1-1F-1-11 
Hcc = 

V111F-1-11 V111F0-20F-1-11 V200F-1-1-1F-1-11 β+α|(k+K4)(8a/2π)|2

,

where β and α are the bottom and the curvature of the free-electron bands, respectively, 
V111 and V200 are pseudopotential coefficients, and F000, F0-20, F-1-1-1, F-1-10 are the 
symmetrizing factors. These symmetrizing factors are assumed as follows [18]:  

F000 = 1,  
F0-20 = [sin(π/2 (ky - kx)/(4π/a - kx - ky))]1/2,  

F-1-1-1 = [sin(π/2 (kx + kz)/(3π/a - ky))]1/2,  



F-1-10 = [sin(π/2 (kx - kz)/(3π/a - ky))]1/2.  
The tight-binding d block is expressed as [19] 
Hdd =  

E
0
±σt2g 

-4A1cosξcosη 

+4A2cosζ 

×(cosξ+cosη) 

-4A3sinξsinζ -4A3sinηsinζ 0 -8/√3 A6sinξsinη

-4A3sinξsinζ 

E
0
±σt2g 

-4A1cosηcosζ 

+4A2cosξ 

×(cosη+cosζ) 

-4A3sinξsinη -4A6sinηsinζ 4/√3 A6sinηsinζ 

-4A3sinηsinζ -4A3sinξsinη 

E
0
±σt2g 

-4A1cosξcosζ 

+4A2cosη 

×(cosξ+cosζ) 

4A6sinξsinζ 4/√3 A6sinξsinζ 

0 -4A6sinηsinζ 4A6sinξsinζ 

E
0
+Δ±σeg 

+4A4cosξcosη 

-4A5cosζ 

×(cosξ+cosη) 

4/√3 (A4+A5)cosζ

×(cosη-cosξ) 

-8/√3 A6sinξsinη 4/√3 A6sinηsinζ 4/√3 A6sinξsinζ
4/√3 (A4+A5)cosζ 

×(cosη-cosξ) 

E
0
+Δ±σeg 

-4/3 (A4+4A5) 

×cosξcosη 

+4/3 (2A4-A5) 

×cosζ(cosξ+cosη)

,

where ξ = kxa/2, η = kya/2, ζ = kza/2, E0 is the energy of t2g, Δ is the crystal field, 2σt2g 
and 2σeg are the exchange splitting for t2g and eg, respectively, and Ai (i = 1,…,6) are 
the Fletcher parameters. It would be worthy to mention that these Fletcher parameters 
are related to the Slater-Koster parameters as follows [20]:  

A1 = -Exy xy(110) = -3/4 (ddσ) - 1/4 (ddδ),  
A2 = Exy xy(011) = 1/2 (ddπ) + 1/2 (ddδ),  
A3 = Exy xz(011) = 1/2 (ddπ) - 1/2 (ddδ),  

A4 = Ex
2

-y
2

 x
2

-y
2(110) = (ddπ),  

A5 = -1/4 Ex
2

-y
2

 x
2

-y
2(110) - 3/4 E3z

2
-r

2
 3z

2
-r

2(110) = -3/16 (ddσ) - 1/4 (ddπ) - 9/16 (ddδ),  
A6 = √3/2 Exy 3z

2
-r

2(110) = -3/8 (ddσ) - 3/8 (ddδ).  
 
 



The hybridization block is expressed as [20] 
Hcd =  

B2j2(B1|k|b) 

×kxky/|k|2 
B2j2(B1|k|b) 

×kykz/|k|2 

B2j2(B1|k|b) 

×kzkx/|k|2 

B2j2(B1|k|b) 

×(kx
2-ky

2)/(2|k|2) 

B2j2(B1|k|b) 

√3/6(3kz
2/|k|2 

- 1) 

B2j2(B1|(k+K2)|b) 

×[(k+K2)x 

×(k+K2)y 

/|k+K2|2] F0-20 

B2j2(B1|(k+K2)|b) 

×[(k+K2)y 

×(k+K2)z 

/|k+K2|2] F0-20 

B2j2(B1|(k+K2)|b)

×[(k+K2)z 

×(k+K2)x 

/|k+K2|2] F0-20 

B2j2(B1|(k+K2)|b) 

×[((k+K2)x
2 

-(k+K2)y
2) 

/(2|k+K2|2)] F0-20 

B2j2(B1|(k+K2)|b) 

√3/6(3(k+K2)z
2 

/|k+K2|2 - 1) F0-20

B2j2(B1|(k+K3)|b) 

×[(k+K3)x 

×(k+K3)y 

/|k+K3|2] F-1-1-1 

B2j2(B1|(k+K3)|b) 

×[(k+K3)y 

×(k+K3)z 

/|k+K3|2] F-1-1-1 

B2j2(B1|(k+K3)|b)

×[(k+K3)z 

×(k+K3)x 

/|k+K3|2] F-1-1-1 

B2j2(B1|(k+K3)|b) 

×[((k+K3)x
2 

-(k+K3)y
2) 

/(2|k+K3|2)] 

×F-1-1-1 

B2j2(B1|(k+K3)|b) 

√3/6(3(k+K3)z
2 

/|k+K3|2 - 1) 

×F-1-1-1 

B2j2(B1|(k+K4)|b) 

×[(k+K4)x 

×(k+K4)y 

/|k+K4|2] F-1-11 

B2j2(B1|(k+K4)|b) 

×[(k+K4)y 

×(k+K4)z 

/|k+K4|2] F-1-11 

B2j2(B1|(k+K4)|b)

×[(k+K4)z 

×(k+K4)x 

/|k+K4|2] F-1-11 

B2j2(B1|(k+K4)|b) 

×[((k+K4)x
2 

-(k+K4)y
2) 

/(2|k+K4|2)] 

×F-1-11 

B2j2(B1|(k+K4)|b) 

√3/6(3(k+K4)z
2 

/|k+K4|2 - 1) 

×F-1-11 

where B2 is some hybridization strength, B1 corresponds to the peak position of the 
radial function, b =8a/(2π), and j2(x) denotes the spherical Bessel function for angular 
momentum l = 2:  

j2(x) = 3/x3(sinx – x cosx) – sinx /x. 
Parameters used in this calculation are given in Table 1 [13]. Thus obtained band 
structure is shown in Fig. A1, which is consistent with Refs. [13, 20].  

Table 1 Parameters for the Ni band structure [13]. 

β = -8.8 eV A1 = 0.25 eV 

α = 0.204937 eV A2 = 0.106250 eV 

V111 = 2.036977 eV A3 = 0.121385 eV 

V200 = -0.38744 eV A4 = 0.152923 eV 

E0 = -0.95 eV A5 = 0.015131 eV 

Δ = 0.059360 eV A6 = 0.103386 eV 

σt2g = 0.2 eV B1 = 0.480651 eV 

σeg = 0.05 eV B2 = 12.870937 eV 
Fig. A1 Semiempirical band structure of Ni 

along some symmetry lines.  



Since the calculation is performed in the 1/48th Brillouin zone, it is convenient to 
convert the 1/48th BZ to the 1st BZ, in order to show the Fermi surface map, as 
following the procedures:  
(i) The 1/16th zone is obtained from three 1/48th zones:  

P1/48(x0, y0, z0), P1’/48 = P1/48(z0, y0, x0), and P1’’/48 = P1/48(z0, x0, y0)  
for 1 ≥ y0 ≥ x0 ≥ z0 ≥ 0.  

(ii) The 1/8th zone is obtained from two 1/16th zones:  
P1/16(x1, y1, z1) and P1’/16 = P1’/16(y1, x1, z1)  

for 1 ≥ y1 ≥ x1 ≥ 0 and 1 ≥ z1 ≥ 0. 
(iii) The unit zone is obtained from eight 1/8th zones:  

P1/8(x2, y2, z2), P1a/8 = P1/8(-x2, y2, z2), P1b/8 = P1/8(x2, -y2, z2),  
P1c/8 = P1/8(x2, y2, -z2), P1d/8 = P1/8(-x2, -y2, z2), P1e/8 = P1/8(x2, -y2, -z2),  

P1f/8 = P1/8(-x2, y2, -z2), and P1g/8 = P1/8(-x2, -y2, -z2)  
for 1 ≥ y2 ≥ 0 and 1 ≥ x2 ≥ 0 and 1 ≥ z2 ≥ 0.  

Thus obtained Fermi surface maps of Ni(111) taken with various photon energies are 

Fig. A2 Photon energy dependent Fermi surfaces of Ni(111). (a) hν = 21.2 eV. (b) hν = 25 eV. (c) hν 

= 30 eV. (d) hν = 35 eV. (e) hν = 40 eV. (f) hν = 45 eV. (g) hν = 50 eV. (h) hν = 55 eV. (i) hν = 60 

eV. (j) hν = 65 eV. (k) hν = 70 eV. (l) hν = 75 eV. (m) hν = 80 eV. (n) Traces in k space with the 

Fermi surface.  



shown in Fig. A2. After these procedures, four new d orbitals are added to be 
considered; |dy

2
–z

2>, |dz
2

–x
2>, |d3x

2
–r

2>, and |d3y
2

–r
2>, which are expressed by the linear 

combination of the basis set of the five d wave functions as follows:  
|dy

2
–z

2> = -1/2 |dx
2

–y
2> - √3/2 |d3z

2
–r

2>, |dz
2

–x
2> = -1/2 |dx

2
–y

2> + √3/2 |d3z
2

–r
2>, 

|d3x
2

–r
2> = √3/2 |dx

2
–y

2> - 1/2 |d3z
2

–r
2>, |d3y

2
–r

2> = -√3/2 |dx
2

–y
2> - 1/2 |d3z

2
–r

2>.  
Thus, the contribution from each atomic orbital to the FS can be evaluated (Fig. 7).  
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