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Studying the surface electronic structure of the 
solid are received great attention experimentally 

and theoretically. An electronic state, which localized 
to a solid surface, is named a surface state. Surface 
states of metals are known as an important candidate 
for the investigation of electronics properties. In the 
surface states, the electron–electron interactions 
have been studied [1,2]. The bulk of the solid obtained 
from s- and p-states possess a almost parabolic form. 
These new states are called “bulk states” at the surface. 
The wave functions of these states are localized near 
the solid surfaces and which decrease exponentially 
on both into the bulk and the vacuum of the material. 
Surface state is an electronic state established at the 
surface of the crystal.

The low index faces of metal surfaces, i.e. Cu, Ag 
and Au, contain two surface states, i.e. occupied and 
unoccupied. Electrons of surface states can scatter from 
defects and step edges at the surfaces. For the transition 
metal of Cu(110), the s,p-state bands are well identified. 
The bulk band of Cu(110) substrate that is on the Fermi 
level (EF), holds an unoccupied surface state, which 
is lying about 2 eV above the EF [3–5], and the other 
surface state crosses the EF [4]. The bulk states are all 
s,p derived.

As is well known since more than two decades, 
surface states have been investigated with a combination 
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of ultraviolet photoelectron spectroscopy (UPS) [7-9], 
inverse photoemission spectroscopy (IPES) [3,10-14] 
and theoretical work [10,11,15-17]. UPS offers a great 
technique for the occupied electronic states at metal 
surfaces. IPES provides results concerning to empty 
surface state bands on solid surfaces. In case of UPS 
and IPES, these techniques have their weaknesses and 
strengths in presenting surface states at metal surfaces. 

IPES promises to be an important surface science 
technique in this research area because of its ability to 
probe unoccupied electronic structures [18,19]. In IPES 
basically three types of unoccupied surface states are 
observed: Shockley surface states [20] which are sp-like, 
Tamm states [21] which are d-like surface states (often 
associated with surface reconstruction) and image 
potential states. Shockley and Tamm states are also seen 
in angle resolved photoemission spectrum (ARPES) but 
image states are not.

Reflection anisotropy spectroscopy (RAS), UPS, 
IPES and X-Ray Photoelectron Spectroscopy (XPS), have 
been used in this study. It is therefore very fascinating 
now to have an experimental technique at hand to 
compare available data. The aim of this study is to clarify 
the unoccupied surface states and to compare available 
data. It is therefore worthwhile to study electronic states 
at the Cu(110) clean metal surface. In this paper, it is 
reported new surface states in the unoccupied region.

A B S T R A C T

Inverse photoemission spectroscopy is one of the advanced surface science technique for 
measuring unoccupied surface states with sufficient accuracy. The unoccupied surface 

states of the Cu(110) substrate has been investigated using an inverse photoemission 
spectroscopy with energy resolution of 0.5 eV. In this study, it has been introduced 
new unoccupied surface states. These unoccupied states are obtained from bulk bands 
and placed mainly in the outermost atomic layer. These states have been compared and 
contrasted with experimental and theoretical results. It has been also shown that at 
the    point of the surface Brillouin zone, ref lectance anisotropy spectra of the Cu(110) 
substrate possesses an unoccupied and occupied surface states.

INTRODUCTION

Y
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EXPERIMENTAL
In this study, experiments were performed in an 
ultrahigh vacuum (UHV). This UHV contains Low 
Energy Electron Diffraction (LEED), Mass Spectrometer, 
UPS, IPES and XPS apparatus. The Cu(110) substrate 
was cleaned in UHV, the daily preparation involved 
Ar ion bombardment at 500 V for 30 minutes. After 
this procedure, the substrate annealed up to 600 K for 
20 minutes. Cleanliness, surface order and surface 
orientation were verified by LEED and XPS. LEED 
presented a sharp (1x1) spots at room temperature (RT).

The IPES studies were completed in the base pressure 
of 1×10-10 Torr. The IPES produces an emission current of 40 
μA. The photons radiated from the sample are reflected on 
Micro-Channels Plates (MCP) detector by a holographic 
circular diffraction grating which has a diameter of 92 mm, 
3600 lines per mm, a concave radius of curvature of 300 mm, 
and a focal ratio of 3.3. The electron gun was adjusted at 25° 
and along the [110] direction. The geometry shown in Fig. 1 
corresponded to the   point of the surface Brillouin zone 
(SBZ) in reciprocal space. In case of keeping the angle 
of 45° between emitted photons and the sample surface 
normal position constant. The experiments were carried 
out at the Y  point i.e. the relevant angles in the experiment 
were adjusted so as to keep k║ constant.

The ion gauges had to be shut off during the IPES 
measurements because light from the ion gauge produced 
a background signal in the MCPs. All of the chamber 
windows were also covered during IPES scans to avoid any 
source of photons in the chamber. Finally, IPES spectra were 
recorded.

RESULTS AND DISCUSSION
The IPES experiments were determined at 9.1 eV electron 
energy and fixed photon energy [3,10,11]. There are two 
important points to note that the first is that IPES 
experiment has been employed the fixed electron energy 
and different photon energy ranges. In other words, the 

unoccupied surface states were monitored by IPES 
technique at the fluorescent mode. The second is that 
IPES has been carried out at the Y  point in the SBZ of 
the clean Cu(110), with fixed kinetic energy of 19 eV. The 
geometric procedure is set up for electrons at 25° and for 
emitted photons is set up at 45° at RT can be seen in Fig. 
1. Fig. 2 shows IPES experimental results for the Cu(110). 
For At the Y  point, a surface transition was supposed to 
be 2.2 eV for the Cu(110), an occupied surface state was 
seen at 0.4 eV below the EF [8], an unoccupied surface 
state was found 1.8 eV above EF [5].

Table 1 shows the peak positions along with the 
experimental and theoretical references. The unoccupied 
bulk and surface states were resolved with an IPES energy 
resolution of 0.5 eV. 

The experimental binding energies of the unoccupied 
states of Cu(110) are reported at 2.5 eV [3], 2.0 eV [10], and 
1.8 eV [5]. The calculated values are reported at 2.5 eV, 4.85 
eV, 6.4 eV, 6.9 eV and 7.3 eV [22] and 5.63 eV [23]. There are 
no reports on the unoccupied states at 2.3, 8.0 eV, 8.8 eV and 
9.4 eV as observed in this study. All the thirteen peaks are 
real because they were reproducible and the uncertainty of 
each peak, N± , is less than count N. It is important to 

note that without any contamination of the substrate should 
be taken into account to confirm these unoccupied states.

The peak 2.5 eV from a surface state [3] was associated 
with a number of principles: First of all, the surface states 
should exit bulk structure of the clean Cu(110). Then, it 
should separate electron’s momentum. Lastly, a surface 
state should be sensitivity to surface contamination. For the 
unoccupied surface state band on Cu(110) substrate with 2.0 
eV at the SBZ, it has been established. The calculated value 
was reported at 5.63 eV according to the density of states 

Figure 1. (a) For the IPES experimevvnts, the Cu(110) adjusted at the 
right angle. (b) SBZ diagram of the Cu(110) surface. The bulk reciprocal 
lattices are shown g and g′, p is the perpendicular wave vector.

Figure 2. IPES spectrum of the Cu(110) obtained at the Y  point in the 
SBZ, at RT and at off-normal electron incidence.
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calculations [23]. Using an angle resolved photoemission 
spectroscopy, the energy of the lowest (n= -1) state at Cu(110) 
Y  point is identified to be EF-0.39eV [6]. The following 
lowest surface state is provided 2.0 eV [8], 2.5 eV [1] and 1.8 
eV [5]. The surface state of the Cu(110) was found at 5.5 eV 
(22) above EF. The unoccupied surface state for the substrate 
is presented in Fig. 3. At the Y  point of the SBZ, an energy 
of 2.1 eV is obtained using RAS. In this study, this state has 
been probed using IPES. A number of different groups [3–
5,13,24–31] have been analyzed this state by theoretically. 

As seen in Fig. 3, the peak at 2.1 eV is associated with 
shifts between p-type occupied surface state and s-type 
unoccupied surface state at the Y  point of the SBZ. The 
other peak at 4.2 eV in Fig. 3 is correlated with a shift at the 
X  of the SBZ between the bulk d-bands of the occupied 

state and p-type surface state of the unoccupied state. At Y  
point, the occupied surface state possesses py character. The 
transition between states of the occupied and unoccupied is 
only permitted for light which polarized along [001] 
direction.

For the Cu(110), surface states are established in bulk 
band gaps. These bulk band gaps are positioned near the Y  

point. The Cu(110) surface possesses one partly occupied 
and one unoccupied surface states as displayed in figure 4. 
For Cu(110) substrate, the Shockley state around Y  point is 
shown anisotropic behavior. There is an evidence for this 
finding by using scanning tunneling microscopy [32].

At metal surfaces, such as Cu, electrons of the surface 
state spread from step edges and defects. These cause an 
increase quantum interference patterns. 

CONCLUSION
In this study, the new unoccupied surface states of the 
Cu(110) at the Y  point have been obtained using IPES 
surface science technique. The new unoccupied surface 
states are obtained from bulk bands and placed mainly in 
the outermost atomic layer. The findings have been 
compared and contrasted with available experimental 
and theoretical data. It has been also shown that 
reflection anisotropy spectra of the clean Cu(110) 

Table 1. Peak energies in eV of the unoccupied surface states for the Cu(110).
Peak Energies in (eV) Other Experimental Results Reference Other Theoretical Results Reference

1.7 1.8 [5] 1.7 [29]

2.0 2.0 [10] - -

2.3 New Peak - - - -

2.45 2.5 [3] 2.5 [22]

2.8 New Peak - - - -

4.8 - - 4.85 [22]

5.2 5.5 [22] - -

5.8 - - 5.63 [23]

6.2 - - 6.4 [22]

6.8 - - 6.9 [22]

8.0 - - 7.3 [22]

8.8 New Peak

9.4 New Peak

Figure 3. RAS spectra for the clean Cu(110) substrate.

Figure 4. Energy illustrations nearby Y  point.
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substrate possesses surface states at the Y  point.

ACKNOWLEDGEMENTS
The author acknowledges Balikesir University for the 
support. The author also sincerely thanks to Dr. S.D. 
Barrett and A. M. Davarpanah at University of Liverpool 
Surface Science Research Centre, for their technical 
assistance.

R E F E R E N C E S

1. Petek H, Ogawa S. Femtosecond time-resolved two-photon 

photoemission studies of electron dynamics in metals. Prog 

Surf Sci 56(4) (1997) 239-310.

2. Osma J, Sarria I, Chulkov EV, Pitarke JM, Echenique PM. 

Role of the intrinsic surface state in the decay of image 

states at a metal surface. Phys Rev B 59(16) (1999) 10591-

10598.

3. Bartynski RA, Gustafsson T, Soven P. Observation of 

an unoccupied surface state on Cu(110) by inverse 

photoemission. Phys Rev B 31 (1985) 4745.

4. Goldmann A, Dose V, Borstel G. Empty electronic states at 

the (100), (110), and (111) surfaces of nickel, copper, and 

silver. Phys Rev B 32 (1985) 1971.

5. Jacob W, Dose V, Kolac U, Fauster T, Goldmann A. Bulk, 

surface and thermal effects in inverse photoemission 

spectra from Cu(100), Cu(110) and Cu(111). Z Phys B 

Condens Matter 63 (1986) 459-470.

6. Petersen L, Schaefer B, Lægsgaard E, Stensgaard I, 

Besenbacher F. Imaging the surface Fermi contour on Cu 

(110) with scanning tunneling microscopy. Surf Sci 457 

(2000) 319-325.

7. Straube P, Pforte F, Michalke T, Berge K, Gerlach A, 

Goldmann A. Photoemission study of the surface state at 

Y  on Cu(110): Band structure, electron dynamics, and 

surface optical properties. Phys Rev B 61 (2000) 14072.

8. Kevan S. High-resolution angle-resolved photoemission 

study of the Cu(011) surface state. Phys Rev B 28 (1983) 

4822.

9. Matzdorf R, Gerlach A, Hennig R, Lauff G, Goldmann A. A 

spectrometer arrangement for high-resolution angle-

resolved UV-photo-emission using linear-polarized 

laboratory photon sources. J Elec Spec and Rel Phen 94 

(1998) 279.

10. Reihl B, Frank KH. Unoccupied electronic surface states on 

Cu(110). Phys Rev B 31 (1985) 8282.

11. Smith NV, Woodruff DP. Inverse photoemission from metal 

surfaces. Prog in Surf Sci 21 (1986) 295-370.

12. Dose V. Study of empty electronic states by inverse 

ultraviolet photoemission. J Phys Chem 88 (1984) 1681-

1690.

13. Smith NV. Inverse photoemission. Rep Prog Phys 51 (1988) 

1227.

14. Himpsel F. Inverse photoemission from semiconductors. 

Surf Sci Rep 12 (1990) 3-48.

15. Woll J, Meister G, Barjenbruch U, Goldmann A. Harmonic 

generation and photoemission. Appl Phys A: Mater Sci 

Process 60 (1995) 173.

16. Schneider R, Dürr H, Fauster Th, Dose V. Temperature 

dependence of the inverse photoemission from copper 

surfaces. Phys Rev B 42 (1990) 1638.

17. Martin DS, Weightman P. Reflection anisotropy 

spectroscopy: a new probe of metal surfaces. Surf Interface 

Anal 31 (2001) 915-926.

18. Dose V. Ultraviolet Bremsstrahlung spectroscopy. Prog Surf 

Sci 13 (1983) 225.

19. Smith NV. Inverse photoemission and related techniques. 

Vacuum 33 (1983) 803-811.

20. Shockley W. On the Surface States Associated with a 

Periodic Potential. Phys Rev 56 (1939) 317.

21. Tamn I. Exchange forces between neutrons and protons and 

fermi theory. Z Phys 76 (1932) 848.

22. Chen CT, Smith NV. Energy dispersion of image states and 

surface states near the surface-Brillouin-zone boundary. 

Phys Rev B 35 (1987) 5407.

23. Speier W, Zeller R, Fuggle JC. Studies of total density of 

states of metals up to 70 eV above E
F
. Phys Rev B 32 (1985) 

3597.

24. Tang D, Su C. Heskett D. The unoccupied electronic structure 

of Na/Cu(110). Surf Sci 295 (1993) 427-432.

25. Su C, Tang D, Heskett D. Two-dimensional unoccupied 

electronic band structure of clean Cu(110) and (1 × 2) Na/

Cu(110). Surf Sci 310 (1994) 45-51.

26. Memmel N. Monitoring and modifying properties of metal 

surfaces by electronic surface states. Surf Sci Rep 32 (1998) 

91-163.

27. Bartynski RA, Gustafsson T. Experimental study of surface 

states on the (110) faces of the noble metals. Phys Rev B 33 

(1986) 6588.

28. Smith NV. Phase analysis of image states and surface states 

associated with nearly-free-electron band gaps. Phys Rev 

B 32 (1985) 3549.

29. Redinger J, Weinberger P, Erschbaumer H, Podloucky R, 

Fu CL, Freeman AJ. Inverse-photoemission spectra and 

electronic structure of the Cu(110) surface. Phys Rev B 44 

(1991) 8288.

30. Smith NV. Chen CT. Spectroscopic constraints on the 

potential barrier at metal surfaces. Surf Sci 247 (1991) 

133-142.

31. Goldmann A, Donath M, Waltmann W, Dose V. Momentum-

resolved inverse photoemission study of nickel surfaces. 

Phys Rev B 32 (1985) 837.

32. Petersen L, Schaefer B, Lægsgaard E, Stensgard I, 

Besenbacher F. Imaging the surface Fermi contour on 

Cu(110) with scanning tunneling microscopy. Surf Sci 457 

(2000) 319.


