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Gap opening of image potential state on reconstructed Ir(001) surface
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We have investigated the image potential states (IPSs) for the unreconstructed Ir(001)-(1×1) and the
reconstructed Ir(001)-(5×1) surfaces by using two-photon photoemission spectroscopy. We reveal that the
Ir(001)-(5×1) reconstructed surface covered by Xe adatoms exhibits a band gap of 100 meV, which arises
from the new periodic potential created by the reconstruction, whereas no band gap was observed on the
Ir(001)-(1×1) surface within the measured momentum range. The experimental results are compared with the
theoretical ones obtained within density functional theory for both the clean and Xe-covered Ir(001)-(5×1)
reconstructed surfaces. The planar averaged charge density distributions of the IPS for both the surfaces show
that the Xe adsorption does not significantly alter the positions of charge density maxima, which rationalizes why
the band gap arising from the substrate superlattice potential does not change significantly upon Xe adsorption.
The agreement between the experimentally observed band gap for the IPS on the Xe-covered surface and the
theoretical calculations highlights the robustness of IPS behavior under Xe adsorption.

DOI: 10.1103/46k5-fft2

I. INTRODUCTION

Surface reconstruction resulting from the rearrangement
of surface atoms usually plays an important role in altering
the electronic properties of materials. Experimental studies
have shown that surface reconstruction affects the occu-
pied electronic states [1–5]. However, the effect of surface
reconstruction on the unoccupied states, particularly image-
potential states (IPSs), remains largely unexplored. IPSs are
unique surface-bound electronic states that exist near the
vacuum level [6,7]. They exhibit remarkable characteristics,
such as long lifetimes and free electronlike effective mass. A
deeper understanding of how atomic rearrangements influence
IPSs could shed light on fundamental electron dynamics at
surfaces and pave the way for potential applications in devices
like quantum dot transistors [8–10] and ultrafast photodetec-
tors [11].

Previously, many studies have demonstrated the effects
of adsorbates on metal surfaces and their impact on IPSs
[12–21]. For example, Muller et al. have deposited FePc on
Ag(111) and observed a strong modification of IPSs [22],
indicating that IPSs can be altered by a periodic potential of
the molecular array. Rather than adding additional adsorbates
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on the surface, a self-reconstructed surface is much more
favorable to study the influence of how the rearrangement
of atoms can affect the IPSs while excluding the additional
charge transfer from adsorbates.

In this study, we will investigate the effect of surface re-
construction on IPSs by applying two-photon photoemission
(2PPE) spectroscopy on Ir(001) surface, which forms (1×1)
metastable unreconstructed and (5×1) reconstructed struc-
tures. Here, Xe atoms are used to adjust the work function
of Ir(001) surface to fit the photon energy of 2PPE experi-
ments. Our findings revealed that the IPS on the Xe-covered
Ir(001)-(5×1) surface exhibits a band gap, whereas the corre-
sponding one on the Xe-covered Ir(001)-(1×1) surface does
not. The difference is attributed to the distinct reconstructions
of the two surfaces, i.e., IPSs are sensitive to the variation of
the potential parallel to the surface caused by the symmetry
breaking. We further examined the influence of Xe adsorption
on IPSs by using theoretical calculations. The size of band
gap does not show significant change upon Xe adsorption,
indicating that Xe primarily lowers the work function without
significantly altering the unoccupied electronic states.

II. EXPERIMENTAL AND THEORETICAL METHODS

The sample preparation was performed in an ultrahigh vac-
uum (UHV) chamber with a base pressure of 1×10−10 mbar.
The (5×1) reconstructed surface was prepared by the follow-
ing treatments: First, the sample surface was sputtered with
1.5 keV Ar ions for 30 mins, followed by exposure to 6×10−8

mbar of O2 with heating at 1220 K for 10 mins to remove the
carbon impurities. O2 reacts with the carbon impurities seg-
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FIG. 1. (a) Schematic illustration of the 2PPE process and the role of Xe adsorption in lowering the work function, thereby enabling
population of the IPSs. LEED patterns obtained with Eb = 99.5 eV for (b) the (1×1) surface and (c) the (5×1) surface. The series of 2PPE
spectra of (d) the Xe/(1×1) and (e) the Xe/(5×1). The green and red solid curves in (d) and (e) represent the fitted curve (see text). 2PPE
spectrum at k|| = 0.23 Å−1 for (f) the Xe/(1×1) and (g) the Xe/(5×1). Black dots represent the experimental data, and the red solid curve is
the fitted curve (see text). The pink and light blue curve represent the deconvoluted peak, and the blue line is a linear baseline.

regated from the bulk and removes it from the surface [1,23–
25]. Then, flash annealing in the UHV at 1420 K for 1 min
results in the (5×1) reconstruction. When preparing the (1×1)
metastable surface, the reconstructed (5×1) structure was
eliminated by annealing at 530 K for 10 mins, followed by O2

adsorption at 1 ×10−7 mbar. The O2-exposed surface was then
rapidly annealed in the UHV environment for 30 secs at 750
K. To completely remove the O2 from the surface, the sample
was exposed to H2 at 1 ×10−7 mbar for 5 mins at 530 K,
resulting in a clean (1×1) surface [26,27].

After the sample processing, the sample was transferred to
the analysis chamber constructed of μ metal, with a base pres-
sure better than 8 ×10−11 mbar. The sample was cooled down
to ∼12 K using liquid helium. The 2PPE experimental setup
consisted of a Ti:sapphire laser oscillator (Coherent, Mira900)
with a pulse duration of 170 fs and a repetition rate of 80 MHz,
and a hemispherical electron energy analyzer (Specs GmbH,
Phoibos 100) equipped with a two-dimensional detector. Ul-
traviolet light with an energy of 5.032 eV was generated by
frequency-tripling using β-BaB2O4 nonlinear crystals. All the
measurements were conducted using the p-polarized light,
with the laser beam incident at 45◦ off normal to the sam-
ple surface. The photoelectrons were analyzed with the pass
energy set at 5 eV. Angle-resolved measurements were made
along the �̄ − X̄ direction. Due to insufficient photon energy
in our setup to populate the IPS, Xe was adsorbed on the sam-
ple prior to the 2PPE measurement to lower the work function
by exposing the sample to 1.0×10−8 mbar Xe gas for 5 mins
at 40 K [12,28–32]. A schematic diagram of the 2PPE process
and the role of Xe adsorption in lowering the work function
is illustrated in Fig. 1(a). By monitoring the work function
change as a function of exposure time, we have judged that the
monolayer Xe was formed. For the (5×1) surface, the work

function decreased monotonically from 5.86 eV to 5.40 ±
0.03 eV over 5 mins. For the (1×1) surface, the work function
decreased to 5.24 ± 0.03 eV, and after that, it did not change
significantly. In this study, the coverage of Xe (θ ) is defined as
the ratio between the Xe atoms and underlying Ir(001)-(1×1)
atoms. The monolayer of Xe corresponds to θ = 0.45 from
the model strucutre [24].

We performed theoretical calculations using the computer
code referenced in [33] within the framework of density func-
tional theory (DFT), combined with the embedded Green’s
function (EGF) technique [34] and the full-potential lin-
earized augmented plane-wave method [35]. This approach
was used to calculate the electronic structure of semi-infinite
Ir(001)-(5×1) and −(1×1) surfaces [36–38]. We used the
DFT-LDA exchange-correlation energy functional since DFT-
GGA underestimates work functions of 5d metals typically
by a few tenths of eV. Furthermore, in order to be able to
reproduce IPSs, the planar average of the short-range DFT
one-electron potential, V̄eff (z) with z being the surface normal
coordinate, is admixed gradually with a model image potential
by using an interpolation function proposed by Nekovee and
Inglesfield [39],

V (z) = [1 − ρ(z)]V̄eff (z) + ρ(z)

[
EV − 1

4(z − zim)

]
, (1)

where EV denotes the vacuum level, and p(z) varies smoothly
from 0 at z = zim (the image plane), to 1 at z = zb (the
embedding surface on the vacuum side). The effects of the
asymptotic Coulomb potential beyond zb are incorporated by
the embedding potential acting on z = zb. The image plane
(zim) position is determined by the center of mass of the
charge density induced by a weak static electric field, with
the topmost Ir atom position defined as z = 0 [40–43].
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The input data for the aforementioned EGF program is
the atomic coordinates of each surface. For the clean (1×1)
and (5×1) surfaces, we adopt the same atomic geometry
as described in Ref. [38]. For the Xe-covered surfaces, we
optimized the atomic heights of Xe adatoms relative to the
Ir(001) substrate by using the VASP program [44,45]. To
do so, we employed the rev-VDW-DF2 functional [46,47] to
approximately account for van der Waals interactions.

III. RESULTS AND DISCUSSIONS

The low energy electron diffraction (LEED) patterns in
Figs. 1(b) and 1(c) confirm the high-quality Ir(001) surfaces,
with clear diffraction spots for both the (1×1) and the (5×1)
surfaces. Figures 1(d) and 1(e) show a series of 2PPE spec-
tra of the IPS (n = 1) for the Xe-covered Ir(001)-(1×1)
[Xe/(1×1)] and the Xe-covered Ir(001)-(5×1) [Xe/(5×1)],
respectively. The spectra for the Xe/(1×1) consist of a single
peak across all momentum. In contrast, the spectra of the
Xe/(5×1) exhibits a shoulder at k|| = 0.23 Å−1, which is the
first Brillouin zone (BZ) boundary in the �̄ − X̄ direction for
the (5×1) surface, highlighted by the red curve.

Figure 1(f) shows the spectrum for the Xe/(1×1) at k|| =
0.23 Å−1. The black dots represent the experimental data,
and the red curve indicates the fitted curve. The fitting was
performed using the sum of the Lorentzian function (pink)
and a linear baseline (blue), multiplied by the Fermi-Dirac
function to account for the Fermi level cutoff. The resulting
function was then convoluted with the Gaussian function that
represents the instrument function. The full width at half max-
imum of the Gaussian function from the fitting was 30 meV.
The curve was well fitted using the single Lorentzian function,
confirming that there is no gap in the IPS of the Xe/(1×1).
The curve at the BZ boundary for the Xe/(5×1) is plotted
in Fig. 1(g). The curves are well fitted by introducing two
Lorentzian functions, as shown by the pink and light blue
curves. The peak positions for the pink and light blue curves
are 4.75 eV and 4.85 eV, respectively, corresponding to the
top and bottom of the lower and upper bands. These peak
positions observed in 2PPE experiments indicate a band gap
of 100 ± 10 meV. Therefore, the spectra of the Xe/(5×1)
exhibit a band gap in the IPS, whereas those of Xe/(1×1)
do not.

Figures 2(a) and 2(b) show the 2D band structure data of
the IPS (n = 1) for the Xe/(1×1) and Xe/(5×1), using the
maximum curvature method to highlight the curves [48]. The
red dashed curve in Fig. S1 represents the parabolic fitting
[49], as shown in the Supplemental Material [50]. From the
fitting, the effective mass was evaluated to be the same as the
mass of the free electron, indicating that the IPS retain their
free-electron-like dispersion. The blue curve in Fig. S2(d) rep-
resents the band structure calculated from the Kronig-Penney
(K-P) model [51]. Briefly, we assume the one-dimensional
free-electron Hamiltonian including the periodic rectangular
potential with a height of 0.14 eV and a width of 6.77 Å,
shown in the Supplemental Material [50], which well char-
acterizes the surface potential distribution calculated from the
DFT calculations for the (5×1) surface. We obtain a 100 meV
energy gap. We do not observe the spectral intensity of the
folded band (k|| = 0.00 − 0.20 Å−1 for the upper branch and

FIG. 2. 2D Band structure of the IPS for (a) the Xe/(1×1) and
(b) the Xe/(5×1), measured via 2PPE at 12 K and shown using the
maximum curvature method.

k|| = 0.25 − 0.40 Å−1 for the lower branch) for the Xe/(5×1)
in Fig. 2(b). The reason is unclear, but the faint or missing
spectral intensities in the other half of the folded bands are
consistent with previous studies [17]. Note that, when ref-
erenced to the parabolic fit plotted in Fig. S1, the deviation
of the band above k|| = 0.34 Å−1 in Figs. 2(a) and 2(b)
are the artifacts by the maximum curvature method, which
enhances the intensity change by the Fermi-Dirac distribu-
tion. Our experimental results, supported by the K-P model,
provide explicit evidence that the surface potential change
due to the surface reconstruction significantly influences the
electronic properties of the unoccupied states, particularly the
free-electron-like IPSs.

It is well known that the Xe atoms form an overlayer
incommensurate with the Ir(001) surface, modifying the elec-
tronic structure by lowering the work function [28,52,53].
Besides, the Xe layer may push the IPS away from the surface,
weakening the effect of potential corrugation of the recon-
structed surface to the IPS. Despite these, we experimentally
observed a sizable band gap at the BZ boundary of the (5×1)
lattice. To investigate the impact of Xe adsorption on the
IPSs on both (1×1) and (5×1) surfaces, we performed DFT
calculations, including the image potential correction [54].

Figure 3(a) shows the relaxed structural model for the clean
(5×1) surface. The top view highlights the quasihexagonal
top layer formed by (5×1) reconstruction [27,55–57], with the
unit cell marked by a black rectangle. The side view shows the
corrugation of the topmost layer [27,38]. Figure 3(b) shows
the DFT calculated band structure of the IPS for the (5×1)
surface along the �̄- X̄ direction, where we used a band
unfolding method [58] to calculate the band structure beyond
the X̄ point. The calculated work function is 5.63 eV, and the
energy of the IPS (n = 1) at the �̄ point is 4.95 eV. A 60 meV
band gap, highlighted in the zoomed-in image, is observed,
resulting from surface reconstruction. In contrast, no band
gap is observed in the IPS for the (1×1) surface, as shown
in Fig. 3(c). These results are in good agreement with the
experimental results and the K-P model fitting, as discussed
above.

To elucidate whether the band gap of the clean recon-
structed surface is affected by the Xe layer or not, we
performed the DFT calculations for the Xe/(5×1) surface.
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FIG. 3. (a) Ball model showing the top and side view for the clean (5×1) reconstructed surface, with the unit cell highlighted by a
black rectangle box. Calculated band structure for (b) the clean (5×1) reconstructed surface and (c) the clean (1×1) unreconstructed surface,
determined along the �̄-X̄ direction. The band structures are shown in logarithmic intensity. The zoomed-in area in (b) highlights the band gap
present.

Since the monolayer Xe is incommensurate with the under-
lying (5×1) surface, unfortunately, it is not feasible for DFT
calculation. Instead, we used a commensurate (5×2) structure
[Xe/(5×2)] to investigate the effect of Xe adsorption, corre-
sponding to θ = 0.3. Figure 4(a) shows the relaxed structural
model for the top and side view of the Xe/(5×2) surface, with
Xe atoms (green) and the unit cell (black rectangle). The Xe
atoms adsorb on top of the Ir atoms with the Ir-Xe interplane
distance of 3.39 Å.

Figure 4(b) shows the DFT calculated band structure of the
IPS for the Xe/(5×2) surface. The work function calculated
for the Xe/(5×2) surface is 4.74 eV. On comparing with the
Xe-free (5×1) surface, the work function is 0.89 eV lower
on the Xe/(5×2) surface. The energy of the IPS (n = 1) at
the �̄ point is 3.95 eV, which is 0.10 eV deeper than that
on the Xe-free (5×1) surface. A band gap, highlighted in
the zoomed-in image, of 45 meV is observed, which is 15
meV smaller than that of the Xe-free (5×1) surface. These
results show that the band gap persists even after Xe ad-
sorption. As for a Xe-covered unreconstructed surface, we
considered a (

√
2×√

2) lattice of Xe adatoms on unrecon-
structed Ir(001) [Xe/(

√
2×√

2)] with the coverage of θ = 0.5
[59]. The work function, calculated from DFT, is 4.99 eV,
which is 0.92 eV lower than that of the Xe-free (1×1) surface.
The energy of the IPS (n = 1) at the �̄ point is 4.36 eV. The

Xe/Ir(001)-(
√

2×√
2) surface, shown in Fig. 4(c), does not

exhibit a band gap. This suggests that the surface reconstruc-
tion is the dominant factor in band gap formation in the IPS,
even in the presence of the Xe layer.

To further understand the effect of the Xe adsorption on
the IPS, we examined the change in the charge density distri-
bution of the IPS (n = 1) near the surface. The blue curve
in Fig. 5(a) shows the planar averaged charge density dis-
tribution of the IPS at the �̄ point for the Xe-free (1×1)
surface, with z = 0 corresponding to the outermost Ir atoms
(Ir1, indicated by purple triangle). The blue dashed line at
1.64 Å indicates the zim position obtained from the DFT
calculations for the Xe-free (1×1) surface. The red curve
in Fig. 5(a) shows the charge density distribution of the IPS
for the Xe/(

√
2×√

2) with the outermost Xe atom (green
triangle). The zim (red dashed line) position obtained from
the calculation is −0.57 Å inside the Xe atomic layer. The
zim position in the interior of the Xe layer is particularly
interesting and we will discuss it later. Despite the Xe layer
being 3.39 Å above the topmost Ir1 atom, the maximum IPS
charge density occurs nearly at the same positions in both
surfaces: z = 5.62 Å for Xe free (1×1) and z = 6.15 Å
for Xe/(

√
2×√

2). This similarity in the maxima positions
of charge density suggests that Xe adsorption does not

FIG. 4. (a) Ball model showing the top and side view for the Xe/(5×2) surface, with the unit cell marked by a black rectangular box.
The Xe atoms are represented by green spheres. Calculated band structure for (b) the Xe/(5×2) surface and (c) the Xe/(

√
2×√

2) surface,
determined along the �̄-X̄ direction. The band structure is shown in logarithmic intensity. The zoomed-in area in (b) highlights the band gap.
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FIG. 5. Planar average charge density (ρ ) distribution at the �

point of the IPS state for (a) the clean Ir(001)-(1×1) surface (blue)
and the Xe/(

√
2×√

2) surface (red). (b) The charge density for the
clean Ir(001)-(5×1) surface (blue) and the Xe/(5×2) surface (red).
In both (a) and (b), the image plane (zim ) position for each structure is
shown by red and blue dashed lines, respectively. In addition, the po-
sition of the topmost Ir (Ir1) and Xe atoms are marked by the purple
and green triangles, respectively. (c) Calculated integrated density of
states (DOS) projected onto the Xe adatoms (blue) and the Ir atoms
(red) in the reconstructed topmost Ir layer of the Xe/Ir(001)-(5×1)
surface.

significantly affect the charge density distribution of the IPS
on the unreconstructed surfaces.

Figure 5(b) shows the planar-averaged charge density dis-
tributions at the �̄ point of the IPS (n = 1) for the Xe-free

(5×1) surface (blue curve) and the Xe/(5×2) surfaces (red
curve). Regarding the Xe-covered surface, the IPS at �̄ is
located within a projected bulk band, and the charge-density
oscillations in the interior of the Ir substrate seen in Fig. 5(b)
arise from the bulk states in the same energy range and are
not due to the IPS. It is technically not possible to extract
only the charge density of the IPS from the calculated Green’s
function. By comparing the charge densities in Figs. 5(a) and
5(b), we observe that the charge density maxima move closer
to the metal surface in the reconstructed surfaces than the un-
reconstructed ones. This may occur because the reconstructed
surface has a 20% higher atomic density than the unrecon-
structed one, which results in higher electron densities and the
more attractive exchange-correlation one-electron potential at
the surface. Again, zim position for Xe-covered surface (red
dashed line) is located at the interior of the topmost Xe layer.
The overall shape of the blue and red curves are very similar,
except for a shoulder in the red curve at z ≈ 5.15 Å, which is
attributed to the charge density from the Xe atoms. The nearly
identical position of the charge density maxima across both
curves confirm that Xe adsorption has a minor effect on the
charge distribution of the IPS, especially on the reconstructed
surfaces.

While one might expect Xe adsorption to significantly shift
the charge density maxima away from the Ir surface, this
is not observed. Two major factors may contribute to this
behavior: the positive electron affinity of Xe and the image
plane position with respect to the Xe overlayer.

Previous studies have demonstrated that the interaction
between a metal surface and a dielectric layer induces charge
redistribution across the interface, creating a dipole that shifts
the Fermi level (EF ) in the metal [29,52,60,61] and polarizes
the Xe atoms [62]. The positive electron affinity of Xe plays
a crucial role in its interaction with the IPS. Unlike materials
with negative electron affinity, such as Ar, which provide a
repulsive barrier and push the IPS wave function toward the
vacuum region [63], the positive electron affinity of Xe weak-
ens the screening effect. The reduced screening allows partial
penetration of the IPS wave function into the Xe layer [15,64].
As a result, the charge density remains largely unaffected,
with the IPS still strongly bound near the surface.

The zim position observed for the Xe-covered surfaces fur-
ther supports these results. The image planes of low-index
surfaces of elemental metals are typically located at 1–2 Å
on the vacuum side of the topmost lattice plane [40,42,43].
For clean Ir(001), our DFT calculation yielded zim = 1.59 Å
for the (1×1) surface and zim = 1.63 Å as measured from
the averaged z coordinate of the corrugated reconstructed
layer for the (5×1) surface. Similarly, in the jellium model,
where the nuclear charge is treated as the uniform positive
background charge, the zim is not located exactly at the edge
of this uniform background but is displaced by approximately
0.6–0.8 Å toward the vacuum, depending on the bulk electron
density parameter [40,42,43]. However, for the Xe-covered
surfaces, the image plane is located at the interior of the Xe
layer, indicating that the shift of zim by Xe adsorption is less
than expected. This can be attributed to the dielectric nature of
the Xe layer, which weakens the strength of the image force
compared to the clean metal surface, limiting its ability to
push zim further away from the surface [62]. It indicates that
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Xe is less polarized than the Ir substrate. To further support
this argument, we calculated the integrated density of states
(DOS) for the Xe-covered (5×2) surface. The blue and red
lines in Fig. 5(c) show the DOS projected on the Xe adatoms
and Ir atoms in the reconstructed Ir topmost layer, respec-
tively. Within linear response theory, the screening charge
induced by an external field is created by electronic states
near the Fermi level. The nearly vanishing DOS near the
Fermi level of the Xe atoms shown in Fig. 5(c) indicates that
the Xe overlayer cannot screen the external field effectively.
Therefore, the image plane position is located at the interior
of the topmost Xe layer.

The combination of weak positive electron affinity and di-
electric screening explains why the charge density distribution
remains unchanged after the Xe adsorption. Since the charge
density distribution of the IPS remains nearly unchanged in
their position relative to the reconstructed surface after Xe
adsorption, the in-plane potential also remains largely unaf-
fected. Therefore, we conclude that the band gap observed
in the IPS is an intrinsic feature of the Ir(001) caused by
surface reconstruction and not significantly influenced by the
Xe adsorption.

Finally, we comment on the possible role of Xe-induced
effects beyond simple work function modulation. As dis-
cussed by Güdde and Höfer [15], rare-gas layers can introduce
buried image-potential-like interface states or modify the IPS
via electrostatic potential corrugation. These effects are more
prominent in thicker layers with negative electron affinity
gases. In contrast, we use only monolayer Xe of positive
electron affinity and our DFT results do not show the in-
terface states. Furthermore, the energy gap is observed even
without Xe, reinforcing that the gap originates from the un-
derlying (5×1) reconstruction rather than any hybridization
or interface-localized states. We thus conclude that the mono-
layer Xe serves primarily to reduce the work function and
plays no essential role in the origin of the band gap. It would
be interesting to detect buried interface states by using a
thicker Xe sample.

IV. CONCLUSION

In this study, we investigated the impact of surface re-
construction on the IPSs using the unreconstructed and the
reconstructed Ir(001) surfaces by 2PPE spectroscopy and
DFT calculations. Our 2PPE results experimentally revealed
the band gap in the IPS of the Xe/Ir(001)-(5×1) surface,
which was absent in the Xe/Ir(001)-(1×1) surface. This
band gap in the unoccupied state is caused by the change
in the potential distribution due to surface reconstruction.
DFT calculations confirmed that the band gap persists in
the reconstructed surface with or without Xe adsorption.
The results of this work demonstrate the robustness of sur-
face reconstruction as a tool for tuning the unoccupied
states.
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