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Image potential states at transition metal oxide surfaces: A time-resolved
two-photon photoemission study on ultrathin NiO films
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For well-ordered ultrathin films of NiO(001) on Ag(001), a series of unoccupied states below the vacuum level
has been found. The states show a nearly free electron dispersion and binding energies which are typical for image
potential states. By time-resolved two-photon photoemission (2PPE), the lifetimes of the first three states and
their dependence on oxide film thickness are determined. For NiO film thicknesses between 2 and 4 monolayers
(ML), the lifetime of the first state is in the range of 28—42 fs and shows an oscillatory behavior with increasing
thickness. The values for the second state decrease monotonically from 88 fs for 2 ML to 33 fs for 4 ML. These
differences are discussed in terms of coupling of the unoccupied states to the layer-dependent electronic structure

of the growing NiO film.
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I. INTRODUCTION

Image potential states (IPS) form a special class of surface
states, in which electrons are bound in front of a polarizable
surface. In response to electrons on the vacuum side, polariza-
tion charges are induced at the surface region of the bulk. They
resultin an attractive image potential that can bind the electrons
perpendicularly to the surface. Since the first substantiation
of image potential states by 2PPE in 1985 [1], this method
is nowadays the tool of choice for such investigations. IPS
play a decisive role as model systems to study fundamental
decay processes of excited electrons. Extensive research has
been conducted on IPS on bare metal surfaces [2-9], metal
layers on metals [ 10—12], rare gas adlayers on different metallic
substrates [13-20], and organic thin films on metal surfaces
[21-27].

Albeit IPS are exclusive surface states, they can provide
information about the electronic structure of the surface to
which they couple. IPS can be modified by the (surface
projected) bulk band structure [16,17] and will be transformed
into resonances by interacting with electronic states at similar
energies, as has been also shown for quantum-well states
[12,27]. Strong interactions might even suppress IPS com-
pletely [8].

Theoretically, IPS are well understood and the dynamics of
electrons in IPS are described well [28-30]. IPS of bare metal
surfaces are often treated in the bulk penetration model. The
decay processes of electrons in IPS are determined by their
interaction with bulk electrons [12]. Larger lifetimes are found
for lower penetration of the IPS wave function into the bulk, and
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vice versa. In addition, one has to consider the influence of the
long-range Coulomb interaction as it influences the available
phase space for decay processes strongly [28,31].

IPS of metal surfaces can be decoupled with the help of
insulating adsorbate layers [17]. Thereby, the decoupling is
most effective for adlayers that do not introduce any electronic
states in the energy region of the IPS. The lifetime of IPS in
such systems can be one or two orders of magnitude longer
than for clean metal surfaces depending on the morphology
and electronic structure of the adlayers [17].

Up to now, only a few 2PPE investigations on metal oxides
have been reported, whereas none of these investigations
focuses on image potential states and their lifetimes [32-37].
For transition-metal oxides with a static dielectric constant
&o in the range of 4-12, one expects again a series of IPS
converging to the vacuum level as electrons in these states
introduce polarization charges at the oxide surface. However,
the exact position and especially the lifetime of the IPS depend
on the presence of oxide conduction band states below the
vacuum level. Here we present a 2PPE study of IPS for ultrathin
epitaxial films of the charge-transfer insulator NiO grown
pseudomorphically on Ag(001) in the thickness range between
2 and 4 ML.

NiO has a fundamental band gap of about 4 eV starting
at 1.5 eV below Ef for bulk NiO and NiO films on Ag(001)
[38—40] as sketched in Fig. 1(b) and determined by photoe-
mission and inverse photoemission. The Ag(001) substrate
exhibits a band gap around the T point that extends from 2
to 6.8 eV above Ef [41,42] as is schematically indicated in
Figs. 1(a) and 1(b). For ultrathin NiO films, however, one
expects a modified and thickness-dependent band structure
due to electron confinement within the oxide film and due
to the vicinity of the metal-oxide interface. With increasing
thickness it will finally converge to the NiO bulk electronic
structure [43,44]. At the NiO surface, one expects a series of
IPS (labeled states 1 and 2 in Fig. 1, indicated in red) below the
vacuum level. In the following, we present data for long-living
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FIG. 1. Band alignment of NiO(001)/Ag(001): (a) 2PPE measurement of the projected band structure of the unoccupied states of Ag(001)

in TX direction using hvyy = 4.41 eV. The n = 1 IPS of Ag(001)

is located at E;, = 3.89 eV. (b) Energy level scheme of the system

NiO(001)/Ag(001) at the T point including the image potential (blue solid line). The unoccupied states 1 and 2 are pumped by ivyy and probed
by hvr. (¢) Schematic surface-projected bulk band structure of NiO [45] with an energy-shifted conduction band to fit the experimental band
gap of 4 eV [38]. In the energy range of interest the theoretical calculations yield sp-derived unoccupied states localized at the surface (dashed

orange and dashed-dotted blue lines).

unoccupied states near the vacuum level that are assigned to
NiO image potential resonances. Depending on the NiO film
thickness in the range between 2 and 4 ML, we find different
lifetimes and effective masses of these states that are discussed
with respect to coupling to quantum-well and conduction band
states. In this way, the present study extends the discussion of
IPS to the field of transition metal oxides, where NiO is the
prominent example for a strongly correlated oxide.

II. EXPERIMENTAL DETAILS

Sample preparation and all experiments have been per-
formed in an ultrahigh vacuum (UHV) chamber working at a
base pressure of 1 x 10~!9 mbar. The chamber is equipped with
an optics for low energy electron diffraction (LEED), an x-ray
source for x-ray photoelectron spectroscopy (XPS), as well as
a UV source for ultraviolet photoelectron spectroscopy (UPS).
The photoemitted electrons are detected by a hemispherical
analyzer (Phoibos 150, SPECS, Germany) which contains a
CCD detector for simultaneous recording of electron energy
and emission angle . For 2PPE, a broadly tunable femtosec-
ond laser system is used that includes two noncollinear optical
parametric amplifiers which are pumped by a 20 W all-fiber
laser (IMPULSE, Clark) as described elsewhere [46,47]. For
the experiments described here, UV laser pulses with an
energy of 4.17-4.27 eV for optical pumping are combined
with infrared (IR) laser pulses (1.68—1.72 eV) for probing with
typical pulse lengths of 50-90 fs and 3545 fs, respectively. In
time-resolved experiments, energy-resolved 2PPE spectra are
taken for different time delays between pump and probe pulses
(At =5 fs). The cross correlation as well as the time zero
between pump and probe pulses are determined simultaneously
with the decay of the IPS from the two-dimensional E (k) data.
For this purpose, Gaussian fits of the transient 2PPE signals at
about 0.5 eV above the low-energy cutoff are used where no
long-living unoccupied states are observed [48]. If not stated
otherwise, all reported electron energies are referenced to the
Fermi energy Er = 0.

The Ag(001) crystal was cleaned by several cycles of
Ar ion sputtering and subsequent annealing at 600 K until
no contamination could be detected by XPS. NiO ultrathin
films have been grown via molecular beam epitaxy (MBE) as
established by Marre and Neddermeyer [49-51]. Thereby, Ni
was evaporated from a Ta crucible in an oxygen atmosphere
of 2x107% mbar with a total growth rate of 0.5 ML/min.
NiO films of 2, 3, and 4 ML thickness have been prepared
and subsequently annealed at 540 K to improve long-range
order and film perfection. The quality of the films has been
monitored by the sharpness of the LEED spots [cf. Fig. 2(a)].
As reported also earlier, we find a layer-by-layer growth for
NiO on Ag(001) [51-54] for thicknesses starting at 2 ML.
Hence, after calibrating the evaporator it was possible to
prepare well-ordered NiO layers with an accuracy of £10%
in thickness.

A combination of LEED, XPS, and work function mea-
surements based on photoemission onset has been used for
calibration of the NiO film thickness. In the monolayer regime,
NiO shows a (2x1) structure [50,52,53,55,56]. It is formed
by a uniaxially distorted, nearly planar, quasihexagonal NiO
structure [55]. Above 1 ML, the (2 x 1) super cell vanishes and a
pseudomorphic rocksaltlike (1 x 1) structure is formed [53,57].
In Fig. 2(a), diffraction patterns of 1-4 ML NiO/Ag(001) are
displayed. Intensity profiles along the T X direction give clear
evidence that the (2x 1) diffraction spots only appear for the
NiO monolayer [Fig. 2(b)]. Figure 2(c) depicts the intensity
of the (2x 1) LEED spots with increasing coverage (left axis).
For the completed monolayer, the (2 x 1) intensity is maximal.
The structural transition from a quasihexagonal monolayer to
rocksaltlike NiO films starting from 2 ML on leads to the
disappearance of the (2x 1) spots in LEED. Note that thicker
NiO(001) films do show a magnetic (2x 1) superstructure that
is, however, visible in LEED only at selected electron kinetic
energies.

Due to the quasihexagonality, the chemical environment
as well as the resulting surface dipole of the NiO monolayer
is different from those of thicker films. These issues lead to
unique features in photoelectron spectra [55,57] and to a high
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FIG. 2. (a) Diffraction patterns of annealed NiO films on Ag(001) with thicknesses of 1-4 ML at 75 eV electron energy. The appearing
diffraction spots, the surface Brillouin zone (SBZ), as well as the T'X direction are denoted. (b) Intensity profiles across the LEED images along
the T X direction of the SBZ. (c) LEED intensity of the (2x 1) spots (black open circles, left scale) and work function & as measured by UPS
(red solid squares, right scale), respectively, vs NiO coverage for an as-prepared sample. (d) XP spectra of the Ni2p core levels for 1, 2, and 4
ML NiO/Ag(001). All spectra are normalized to their maximum and shifted in intensity for the sake of clarity.

work function with respect to other coverages. In Fig. 2(d)
XP spectra of the Ni 2p core level are depicted for NiO films
from 1-4 ML thickness. While the spectra for 2 and 4 ML are
similar and even bulklike in shape [58,59], the spectrum for 1
ML NiO/Ag(001) differs significantly: The maximum of the
Ni 2ps3/, peak appears with a difference of 1.4 eV at lower
binding energy, and the satellite structure is differently shaped
in comparison to the spectra for higher coverages. This is in
accordance with findings in the literature [55,57] and can be
taken as a marker for this thickness.

In Fig. 2(c) the work function is plotted as function of
the oxide film thickness. For 1 ML it shows a characteristic
maximum of @y, ~ 5.0 eV. This value differs strongly from
thatof clean Ag(001) (®a, ~ 4.5eV) and these of thicker films
(Pnio ~ 4.2-4.4 eV). Therefore, one can clearly identify one
monolayer also on the basis of work function measurements.

III. RESULTS

InFig. 3 2PPE spectra for two different preparations of 2 ML
NiO/Ag(001) are depicted for fixed time delays At between
pump (UV) and probe (IR) pulse. The spectra of Fig. 3(a) were
obtained directly after film preparation at room temperature
(RT) using photon energies of 4.27 and 1.68 eV for pump and
probe, respectively. Four different features are identified in
the spectra for time delays of Az = 0 and 115 fs. Long-living
states dominate the spectrum at Ar = 115 fs and are marked
with 1, 2, and 3 in Fig. 3(b). These features correspond to
energies of 3.78, 4.04, and 4.14 eV (each £0.05 eV) above
Er in Fig. 3(a). A fourth short-living feature, tagged with B,
is located at 3.91 eV.

The spectra of Fig. 3(b) were measured with photon energies
of 4.17 (pump) and 1.72 eV (probe beam) after annealing the
sample at 540 K. Again, the spectra can be described by four

different states at energies of 3.75, 4.05, 4.14, and 3.90 eV (B).
In contrast to the measurement directly after RT preparation,
the spectra are dominated by feature 1 for both time delays Az.
Due to the reduced pump photon energy of 4.17 eV, state 3 is
hardly populated and almost not visible in the spectra.
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FIG. 3. 2 ML NiO/Ag(001): 2PPE spectra at k; = 0 (left panel)
and momentum-resolved data (right panel). The data have been
measured (a) directly after film preparation and (b) after annealing at
540 K for time delays of At = 0 and At = 115 fs, respectively. The
as-prepared (annealed) sample was pumped with hvyy = 4.27 eV
(4.17 eV) and probed with hvig = 1.68 eV (1.72 eV).
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FIG. 4. 2PPE spectra for ky = 0 (left panel) and momentum-
resolved data (right panel) for 3 ML (a) and 4 ML (b) NiO/Ag(001),
pumped with Avyy = 4.17 eV and probed with hvg = 1.72 eV at
different time delays At.

Momentum-resolved data (right panel in Fig. 3) reveal a
dispersion of the states 1 and 2 with effective masses for the as-
prepared (annealed) sample of me = 1.1 (1.02) m,, for feature
1 and 0.97 (1.01) m, for feature 2, respectively. In other words,
both states show a free-electron-like dispersion parallel to the
sample surface.

For 3 and 4 ML NiO/Ag(001), similar unoccupied states are
found (Fig. 4). The energies of these features are 3.79, 4.11 for
the first and second state and 3.90 eV (B) for 3 ML [60]. They
shift to 3.73, 4.02 (1, 2) and 3.89 eV (B) for 4 ML (each £-0.05
eV). The energetic positions of these unoccupied states differ
only slightly from those of the 2 ML states. The features show
a dispersion (right panel in Fig. 4) with effective masses meg
of 0.96, 0.95 (feature 1), and 0.99 m, (feature 2). In addition,
one can again recognize a short-living feature B as has been
seen for 2 ML.

In Table I these data are summarized together with the
sample work functions ® obtained by UPS. For the as-prepared
bilayer, the work function @ amounts to 4.18 eV and is
about 250 meV lower than for the annealed NiO films with
2-4 ML thickness. This difference is explained according to
the Smoluchowski effect [61] by a higher step density for the
as-prepared NiO film.

The analysis of the 2PPE data was done as follows. The
raw data (CCD images) were measured by tuning the temporal
overlap between pump (UV) and probe (IR) beam. From the
raw CCD detector images energy-resolved intensity profiles
around a photoemission polar angle of 0 deg with an angular
width of 4 deg were extracted and used as spectra for the
analysis. For delays far from the temporal overlap of both laser
pulses, a spectrum only consists of the single contributions of
the UV and the IR beam, respectively. These so called single
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FIG. 5. Time-dependent 2PPE intensities (data points) of the
features 1 (blue, bottom), 2 (red, middle), and 3 (green, top) for the
as-prepared 2 ML NiO/Ag(001). The intensities are described by rate
equations resulting in the decay curves (black solid lines) which yield
the denoted well-defined lifetimes. The dashed black line represents
the cross correlation between UV and IR pulses.

color contributions were subtracted from each spectrum and for
each time delay in a first step. Second, the photoemission back-
ground due to secondary electron processes was subtracted
(black dotted lines in Figs. 3 and 4). The double-corrected
spectra were then fitted using Voigt profiles for all time delays
between UV and IR, generating the time-dependent intensity
of each single Voigt profile (data points in Figs. 5 and 6).

In Fig. 5 time-dependent 2PPE intensities for the features
1-3 are depicted for the as-prepared 2 ML NiO(001) film.
The data points are fitted using a rate equation approach
(black solid lines). For comparison, the cross correlation curve
between pump and probe pulse which has been determined
simultaneously and which has a full width at half maximum
(FWHM) of 60 fs is also included in Fig. 5. The solid lines
describe the experimental data well over two and a half orders

state 1
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FIG. 6. Time-dependent 2PPE intensities (data points) of (a)
state 1 (blue colors) and (b) state 2 (red colors) of annealed 2—4
ML NiO/Ag(001). For comparison, the cross correlation traces are
depicted as dashed black lines. The dotted black lines in (a) are data fits
resulting from —5 fs shorter and 45 fs longer lifetimes as compared
to the best data fit for 3 ML (black solid line).
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TABLE I. Intermediate state energies Ejy, binding energies Ej, effective masses m.g, and lifetimes t of the first three image potential
states for NiO(001) ultrathin films on Ag(001) with thicknesses between 2 and 4 ML. For comparison, data for the IPS on bare Ag(001) [47]
are included (marked 0 ML). The second column gives the work functions ® as measured by UPS. The uncertainties amount to £50 meV for

the given energies.

State 1 State 2 State 3
Coverage D Einc Ep Mef T Ein Ep Mef T Ein Ep T
(ML) €eV) (eV) (meV) (m.) (fs) (€eV) (meV) (m.) (fs) (€eV)  (meV) (fs)
0 [47] 443 561 57 170 165 72 380
22 4.18 3.78 400 1.10+0.19 30&£5 4.04 120 0.95+£0.20 50+5 4.14 40 120 + 15
20 444 3.5 690 1.02+£0.12 424+6 4.05 390 1.01 £0.11 88 + 18 4.14
30 443 3.79 640 0.96+0.13 2845 4.11 320 42 + 14
4> 441 3.73 680 095+0.12 3748 4.02 390 0.99+0.18 33+£13 (4.14)

2 As-prepared.
® Annealed to 540 K.

of magnitude in intensity and yield lifetimes of 30 + 5,50 £ 5,
and 120 = 15 fs for the three states.

For the annealed 2 ML film, the lifetimes (Fig. 6) differ
significantly from those of the as-prepared film. The lifetime
of feature 1 is about 12 fs longer (42 + 6 fs), whereas the
lifetime of feature 2 has increased by 38 fs (to 88 £ 18 fs). In
Fig. 6 a comparison of the time-resolved 2PPE data for 2, 3,
and 4 ML (all annealed to 540 K) is presented. The fits yield
lifetimes of 28 £+ 5 and 37 + 8 fs for state 1 of 3 and 4 ML.
The lifetimes of state 2 for 3 and 4 ML amount to 42 & 14 and
33 £ 13 fs, respectively.

Despite a relatively large pump-probe cross correlation of
100 fs (cf. Fig. 6), the lifetimes of the unoccupied states can be
determined with an accuracy down to %5 fs due to the in situ
determination of time zero and cross correlation. During the fit-
ting process, the uncertainties of the time zero and of the cross
correlation were included as constraints [48]. In Fig. 6(a), the
comparison of lifetime fits with 28 fs (solid line) and with 5 fs
shorter as well as longer lifetimes (dotted lines) demonstrates
the lifetime accuracy which is similar to previous studies [4].

The lifetime of feature B at about 3.9 eV (cf. Figs. 3 and
4) has been found to be lower than 15 fs. A discussion of this
fast-decaying state is carried out at the end of the following
section.

IV. DISCUSSION

Figure 1 depicts the projected band structures of Ag(001)
and NiO(001) as well as their alignments. For bare Ag(001),
momentum-resolved 2PPE data are shown in Fig. 1(a). One can
recognize the strongly dispersing unoccupied sp bulk bands
which extend at ky = Oto~2 eV above Ef. It defines the lower
edge of the Ag(001) band gap at the T" point which reaches well
above the vacuum level [41,42,62]. Additionally, the first two
image potential states at 3.89 and 4.25 eV above Ey are well
reproduced in good agreement with recent studies [2,4,47,63].

The  electronic  structure  of  NiO(001) and
NiO(001)/Ag(001) in the energy region near Ep has been
investigated by photoemission and inverse photoemission
spectroscopy [38,40,64-66]. In these studies, the valence
band maximum has been found at 1.5-2 eV below Er for
bulk NiO which fits to our UPS data (not shown here). On
the other hand, the onset of inverse photoemission features

has been assigned to the NiO conduction band (CB) which
is formed by the Ni3d upper Hubbard band. This defines
the ~4 eV fundamental band gap of bulk NiO. Theoretical
studies of the NiO band structure support this assignment and
empbhasize the strong effect of electron correlation [45,67-69].
The surface-projected band structure for bulk NiO along the
T X direction as adapted from Schron et al. [45] and shifted
according to the experimentally determined NiO band gap
is sketched in Fig. 1(c). The NiO CB starts at 2.5 eV and is
formed by localized Ni3d states, whereas O-derived states
form stronger dispersing sp bands centered around T at higher
energies [45].

All experiments described here use laser pulses with photon
energies of 4.2—4.3 eV for the primary photoexcitation process.
In principle, these photon energies enable excitation across
the band gap of NiO. Such excited electrons could populate
states up to 2.7 eV above Ey only due to the location of the
valence band maximum at 1.5 eV below Eg. In contrast, the
photoelectrons close to the vacuum level that are the subject
in the present paper are at higher energies and are, therefore,
pumped from metallic substrate states in the energy region
slightly below the Fermi level as indicated by the blue arrow
in Fig. 1(b). Note that the photon energies of the infrared probe
pulses are too low for any primary photoexcitation.

The position and the dispersion of the experimentally
observed unoccupied states for 2-4 ML NiO/Ag(001) are
depicted in Fig. 1(c) as red parabolae. For comparison, the
calculated states of the sp-derived bands that exhibit surface
state or surface resonance character are indicated on the left-
hand side [45]. They disperse with effective masses of about
0.6 m, (orange dashed lines) and nearly 1 m, (blue dashed
dotted lines) [45]. Inside the charge-transfer gap of NiO, a
barely dispersing surface state is located around 2 eV above
E ¢ (black line).

In the 2PPE experiments, we find a series of three un-
occupied states converging towards the vacuum level in the
energy range between 3.5 and 4.4 eV above Ep. In Table I
their intermediate state energies Ej, with respect to the Fermi
level, binding energies Ep with respect to the vacuum level,
effective masses m.g, and lifetimes T are summarized for 2, 3,
and 4 ML of NiO(001) on Ag(001). Data for the work function
(adopted by UPS) and the IPS on bare Ag(001) (marked 0 ML
coverage) [47] are included for comparison.
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In the following we discuss the three unoccupied states in
three steps. First, we rule out a possible observation of pure
unoccupied NiO bulk states. Second, we assign them to image
potential resonances. The discussion is, finally, followed up by
comments on the interaction of image potential and quantum-
well states that develop inside the NiO film.

(i) NiO conduction band states are expected in the energy
range of the observed unoccupied states [cf. Fig. 1(c)]. In fact,
the theoretical study of Schron et al. predicts flat unoccupied d
bands and stronger dispersing unoccupied sp bands. While the
band dispersions are theoretically described well, the absolute
energies of the calculated unoccupied states have to be taken
with care. Besides a d,» derived unoccupied surface state
around 2 eV, distinct s p-derived NiO(001) states at 3.0 and 3.70
eV (megr ~ 0.6 m,) and at 4.67 and 5.14 eV (meg ~ 1.0 m,),
respectively, are marked as dotted and dashed-dotted lines in
Fig. 1(c). These states have an increased probability density
at the surface. According to the excitation scheme depicted in
Fig. 1(b) we have to consider a direct population of such NiO
CB states by the pump pulse, i.e., a pure d or sp character of
the found states.

All investigated 2PPE features show a dispersion with
effective masses of about 1 m,. Therefore, one can directly
exclude a d-derived character of these states. In the same way,
a pure sp character is also less likely: The observed features
occur in the low energy range of the sp-derived NiO CB.
Here the theoretically predicted CB states at 3.0 and 3.7 eV
above the Fermi level could be addressed by the UV pump
pulse. However, these NiO sp states disperse with effective
masses of ~0.6 along the I'X direction which are only one
half of that of the investigated states. On the other hand, the
theoretically predicted surface resonances at 4.67 and 5.14 eV
[blue dashed-dotted in Fig. 1(c)] show effective masses of
1 m,. However, their energies are well above the bottom of
the sp-derived CB and are located to high with respect to the
experimentally observed states.

As a consequence, the found 2PPE feature have to be
characterized differently.

(i1) The image potential in front of a dielectric substrate is
modified as compared with the situation in front of a metallic
substrate by a factor g:

v e B e—1 !
@ = 4mey 47’ 'B_s—i—l’ M
where ¢ denotes the static dielectric constant and z is the
distance from the dielectric surface. For an ultrathin film on
a metal substrate, the finite thickness of the dielectric layer
and the metallic response have additionally to be taken into
account as discussed previously [70,71]

B 1=K
V(Z)__4n£o|:z_ 48 Zz+kd:|’ )

k=1

where d is the thickness of the dielectric layer. The first term
of Eq. (2) describes the interaction between an electron and
a dielectric layer, whereas the second term contains modifica-
tions of the dielectric response due to the metal underneath.
For thick films or for B close to 1, the potential in front of the
surface is dominated by the image potential of the dielectric.
The dielectric constant for NiO of ¢ = 12 [72] yields 8 = 0.85

which is already close to one. Therefore, we expect only
slightly modified binding energies for the IPS of NiO/Ag(001)
as compared to the bare metal [71]. The binding energies E),
for a Rydberg-like series of electronic states converging to the
vacuum level is given by E,, = 0.85 - B2mcs/(n + a)?, where
n is the quantum number of the state and a is the quantum
defect. In case of nearly free electrons (m.¢ = 1) in front of a
metal (8 — 1), the largest possible binding energy for the first
(second) IPS amounts to 850 (425) meV. The here observed
binding energies of 640-690 meV for the first peaks as well
as 320-390 meV for the second peaks (annealed films) fall
therefore well in the energy range of IPS. The assignment of
the 2PPE features to IPS is furthermore corroborated by the
effective masses of these unoccupied states which are close to
1 m,. In addition, the lifetimes of energetically higher lying
features of 2 and 3 ML NiO/Ag(001) are longer as compared
to lower lying ones (cf. Table I) following the general trend
known from clean metals [73]. All of these findings are typical
for IPS and support our interpretation.

Taking the band structure of the underlying NiO films into
account [Fig. 1(b)] one recognizes that all features are in
resonance with the NiO conduction band. Consequently, we
have to consider them as image potential resonances (IPR).

As a result of a potentially resonant character the energies
with respect to the Fermi level (IPR 1: 3.75 eV, IPR 2: 4.07 eV,
IPR 3: 4.14 eV) change only slightly with NiO film thickness.
The small variations by 50 meV for IPR 1 and 70 meV for
IPR 2 can be explained by small differences in the strength of
coupling.

(iii) The investigated system Ag(001)-NiO(001)-vacuum
contains two interfaces: between the substrate and the dielectric
film and between the film and the vacuum, respectively
[Fig. 1(b)]. Energy barriers are formed on both sides of the
NiO film due to the large energy gap between 2 and 7 eV in
the band structure of Ag(001) on the one side and the vacuum
on the other side. This leads to a break-up of the NiO CB and a
formation of quantum-well states (QWS) inside the oxide film.
Therefore, we have to consider a coupling of the IPS with such
quantum-well states.

The interaction of IPS and QWS has been investigated
previously [10,12,15-17,27]. Resonant coupling between IPS
and QWS would lead to a lowering of the lifetime and, in
accordance, to a significant increase of the binding energy
of the IPR as has been investigated on rare gas adlayers on
metal surfaces [16,17]. The coupling condition changes with
increasing adlayer thickness according to the change of the
width of the quantum well. This should be reflected in the
lifetime and binding energy behavior of the coupled image
potential states [15,16]. Furthermore, resonant coupling can
even lead to a complete transition of states having image
potential character to states with pure quantum well character.
This is accompanied by an extensive broadening of the peak
widths due to efficient coupling to the bulk [11,27].

For NiO(001) on Ag(001) we find an oscillatory behavior
of the lifetime of the first IPR which is similar to, e.g., image
potential states on Xe/Ag(111) [16]. Moreover, the lifetime
of the second IPR decreases monotonically with increasing
NiO film thickness comparable to 2PPE measurements on
Xe/Cu(100) and Kr/Cu(100) [17]. Hence, our findings could
be interpreted by the formation of quantum-well resonances
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(a) at the energy of the first IPR for 3 ML and (b) at the energy
of the second IPR for NiO film thicknesses >4 ML. However,
the typical increase of the binding energies with increasing
lifetime does not occur for the first nor for the second IPR
(Table I). On the contrary, the binding energy decreases at 3
ML, whereas is nearly constant for the other NiO coverages
without noticeable dependence on the lifetime. In addition, no
significant broadening of the peaks is visible from the spectra in
Figs. 3 and 4. Therefore, we assign the series of 2PPE features
to image potential states that are weakly coupled to NiO bulk
states.

The wave functions of the unoccupied states couple to
states of the unoccupied sp-derived band of the NiO film
which can be read from their energetic position [Fig. 1(c)] as
well as their persistent dispersion with m, ~ 1. The resonance
between IP states and the NiO CB leads to a shift of their
probability density towards the sample surface [17]. The
resulting enhanced penetration of the wave function into the
substrate explains the observed lifetime reduction from 57 fs
(165 fs) of the n = 1 (n = 2) IPS of bare Ag(001) to 3040
fs for the first IPR and <90 fs for the second IPR of annealed
2-4 ML NiO/Ag(001) due to an additional decay channel for
resonant charge transfer into the bulk.

The electronic structure of the NiO(001)/Ag(001) thin film
system may differ from the bulk band structure depicted in
Fig. 1(c) and is varying with increasing film thickness, e.g.,
by formation of QW states. As a consequence, the coupling
conditions between IPS and sp-derived states also vary. For
example, the remarkably shorter lifetime of 28 fs for the first
IPS of 3 ML NiO/Ag(001) points towards a stronger coupling
of IPR to sp-derived states that evolve at this specific thickness.
In a similar way, the different IPR lifetimes for the NiO layers
are explained by modifications of the underlying electronic
structure and, therefore, different coupling conditions. The life-
time of electrons from the second IPR decreases monotonically
with increasing film thickness. For 4 ML, the lifetime of the
second IPR electrons is even shorter than for electrons excited
into the accordingly first IPR. This is explained by matching
resonance conditions for the second IPR at4 ML film thickness.

To promote our interpretations, detailed theoretical calcu-
lations on the layer-resolved band structure of the NiO films
would be desirable. In addition, experiments on thicker NiO
films would be helpful to get the transition from a thin film to
a bulklike behavior.

One canrecognize distinct variations between the data of the
as-prepared 2 ML and the annealed 2 ML NiO films. According
to the above interpretation of image-potential derived states,
these differences can be assigned to the quality of the NiO
films: The observed states for the as-prepared and the annealed
2 ML NiO films on Ag(001) differ only slightly in energy with
respect to Ep (cf. Table I). In contrast, the binding energies
of the features of the as-prepared sample as well as the work
function are approximately 250 meV lower as compared to the
annealed samples. This is interpreted within the concept of the
local work function [ 10]. Work function measurements average
over a large sample area containing flat NiO terraces as well
as stepped NiO regions, resulting in a measured global work
function. Electrons in an image potential state are located in
front of the flat NiO terraces only. Therefore, they are affected
by the local work function of the flat NiO regions. Since the

energies of the IPR do not change for the as-prepared and
annealed NiO bilayer, the local work function does not change
for both preparations. Due to an enhanced film quality upon
annealing the NiO bilayer, the global work function is close to
that of the flat terraces for the annealed NiO bilayer. Hence, the
correct binding energy of the IPR is reflected by the annealed
bilayer.

The 12 fs shorter lifetime for the as-prepared 2 ML film
in comparison to the film which has been annealed to 540 K
demonstrates the influence of film imperfections on the IPR
lifetime. As known from other systems, the electron dynamics
strongly depend on defect and step densities [2,74—76]. These
densities lead to a nonmomentum conserving scattering and,
therefore, open up additional relaxation channels. For the
annealed oxide films, the quality of the layers of different
thicknesses as determined by the sharpness of the LEED spots
[cf. Fig. 2(a)] is comparable. The film quality is significantly
higher as compared to the as-prepared 2 ML film. Therefore,
the IPR lifetimes for all annealed films should be less limited
by surface imperfections. Usually, the second IPS is even more
sensitive to the film quality as compared to the first IPS due to
its longer lifetime and due to the possibility of nonmomentum
conserving scattering into the first IPS. Indeed, the lifetime of
the as-prepared 2 ML film is reduced to 50 in comparison to
88 fs for the annealed film.

In addition to the series of IPR, a short-living (<15 fs)
unoccupied state B atabout 3.9 eV above E has been observed
for 2-4 ML NiO/Ag(001) (Figs. 3 and 4). Despite its origin is
not yet fully clear, some statements regarding the character
of this unoccupied state can be given. It is obvious that the
intermediate energy of state B nearly coincides with that found
for the n = 1 IPS of the clean Ag(001) substrate [3.89 eV,
cf. Fig. 1(a)]. Therefore, it is most likely that feature B is
a signal resulting from the n = 1 IPS of the silver substrate
which occurs above remaining bare Ag patches at the sample
surface. The substantially shorter lifetime of state B (max.
26% compared to the n = 1 IPS of clean Ag(001)) can be
explained by enhanced scattering probability at residual Ni or
O sites at the Ag patches. However, due to its energy position
and its ultrashort lifetime, feature B can also be a candidate
for the directly populated unoccupied O-derived sp state as
mentioned above. The decay of such a bulklike state is much
faster due to enhanced coupling of its wave function to the
bulk compared to the spatially more decoupled image potential
states.

V. CONCLUSIONS

We have investigated a series of unoccupied states for
NiO(001) ultrathin films of 2—4 ML on Ag(001) in the energy
range between 3.5 and 4.4 eV above Er by means of angle-
and time-resolved 2PPE. Regarding their energy position,
their parabolic dispersion, and their lifetime behavior, they
are assigned to image potential states resonant with NiO
conduction band states. For the first IPR the lifetimes show
an oscillatory behavior and differ only slightly for annealed
NiO films with 2—4 ML thickness. In contrast, the lifetimes of
the second IPR decrease with increasing film thickness from
88 (2 ML) to 33 fs (4 ML). This is explained by the presence
of sp-derived NiO states in the energy range of the IPS which
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lead to an enhanced layer-dependent coupling between NiO
and IP states with increasing film thickness and thus to a faster
decay compared to bare Ag(001). Additionally, the lifetime of
the IPR depends strongly on the film quality as is demonstrated
for a 2 ML NiO(001) film prepared at RT. Without annealing,
the NiO bilayer yields significantly shorter lifetimes of the first
and second IPR in comparison to an annealed film.
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