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The image states on epitaxial films of iron and cobalt on Cu~100! have been investigated. For iron the
energies can be related to the variation of the film morphology with coverage due to the extreme surface
sensitivity of the image states. With the help of spin-selective excitations of electrons into the image states, the
exchange splitting of the first image state on 7 ML of Fe on Cu~100! could be determined to 65615 meV. The
exchange splitting for a 6-ML Co film is 55610 meV. These results are in agreement with a ferromagnetic
order of the surfaces and can be obtained without magnetization of the sample.@S0163-1829~96!07431-0#

I. INTRODUCTION

The deposition of iron on Cu~100! substrates at room tem-
perature leads to the growth of fcc Fe/Cu~100! films.1,2Many
investigations concerning this adsorbate system have been
performed in the past years, yielding rather contradictory re-
sults about the growth mode3–5 and magnetic behavior5–8 of
these films. Different preparation procedures might have
been one reason for these discrepancies.

For an understanding of the complex magnetic behavior
of these films5,8 information about the surface electronic
structure is needed. Electronic surface states play an impor-
tant role in the determination of the magnetic and structural
properties and offer a convenient way to study the spin-
dependent electronic structure at magnetic surfaces.9 A par-
ticular type of surface state has its origin in the long-range
1/z image potential in front of a metallic surface. These un-
occupied states form a Rydberg-like series converging to-
wards the vacuum level. They are called image states and
have been under investigation on metallic surfaces for over
ten years.10,11

We chose these states for two reasons:~i! image states
constitute a highly sensitive probe of the geometrical ar-
rangement of an adsorbate system due to their localization
some tenths of nanometers in front of a metallic surface.11–14

~ii ! The binding energies of image states depend decisively
on their energetic position within the band gap of the same
symmetry. The exchange splitting of the band-gap edges
causes, therefore, an exchange splitting of the image states.
From the magnitude of this splitting, one can draw conclu-
sions about the spin-dependent electronic structure and sur-
face potential of the investigated magnetic surfaces. Such
splittings have already been observed in earlier investiga-
tions by spin-resolved inverse photoemission.15–17Due to the
rather small overlap of the image states with bulk states, their
splitting is much smaller than the splitting of the energy
bands of 1.26 eV for bcc Fe~110! ~Ref. 18!. On this surface
the exchange splitting of the first image state was experimen-
tally determined to 5765 meV ~Ref. 17! in perfect agree-
ment with a theoretical calculation.19 Other theoretical mod-
els predict values between 29 meV~Ref. 11! and 100 meV
~Ref. 20!. Two-photon photoemission21 offers an energy
resolution superior to inverse photoemission. The lack of
spin resolution has, however, prevented a determination of

the exchange splitting of image states so far. Due to the large
intrinsic linewidth of these states at the close-packed mag-
netic surfaces only an upper limit for the exchange splitting
could be given.22

Image states on Fe/Cu~100! have already been studied by
inverse photoemission.23 No shifts of the energies of the im-
age states up to a coverage of 21 ML were detected. In our
two-photon photoemission study we determine these ener-
getic positions more precisely and correlate the results with
the geometrical and morphological arrangement of the sur-
face. Using spin-selective excitations in the two-photon pho-
toemission process we obtain the exchange splitting and the
spin-dependent linewidth of the image states for epitaxial fcc
Fe and Co films on Cu~100!.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum
system described elsewhere11,24 with a base pressure better
than 131028 Pa. In our two-photon photoemission setup,
pulsed laser light is used to excite electrons from occupied
states into unoccupied states below the vacuum levelEvac. A
second photon lifts these excited electrons above the vacuum
level, so they can leave the surface and be detected by an
electron spectrometer. A excimer laser delivered pulses of
20-ns duration to a dye laser,21 which was operated at wave-
lengths between 535 and 580 nm. The polarization of the
photons could be varied by an electro-optical cell without
modification of the optical setup and variation of the inten-
sity. The analyzer resolution was set to about 50 meV and
only electrons that left the sample normal to the surface were
detected. The Cu~100! sample was cleaned by Ne1 sputter-
ing (131023 Pa, 600 eV, 300 K! and subsequent annealing
to 700 K for about 600 s. The preparation was checked with
Auger electron spectroscopy, ultraviolet photoemission spec-
troscopy, low-energy electron diffraction, and two-photon
photoemission spectroscopy~2PPE!. The metals were evapo-
rated at room temperature at a rate of'0.5 ML per minute~1
ML51.5331015 atoms/cm2) by electron bombardment of
Fe or Co rods with 2-mm diameter. The pressure during
evaporation did not exceed 431028 Pa. The coverages were
controlled by a built-in flux monitor in connection with a
calibrated quartz microbalance. After evaporation, the crystal
was cooled down to 100 K within 15 min in order to reduce
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surface diffusion25,26and to enable 2PPE measurements with
a reduced low-energy cutoff.24 The work function was deter-
mined from the energetic width of the photoelectron spectra.

III. IMAGE STATES ON Fe/Cu „100…

Two-photon photoemission spectra for the clean Cu~100!
surface and the iron-covered surface are shown in Fig. 1. The
spectra are plotted relative to the Fermi energyEF and each
spectrum is normalized to maximum height. On the left side
the respective coverage is given in monolayers and on the
right side the work functionF is shown. On Cu~100! the
lowest image states numbered byn51 and n52 are de-
tected at 4.0660.03 eV and 4.4660.03 eV aboveEF , re-
spectively. This is in agreement with previous studies.11,27

At an iron coverage of 0.8 ML we still detect two image
states. Compared to the spectrum for the clean surface, the
intensity is much lower as can be inferred from the larger
noise of the data. The energy of then51 state is unchanged,
but the peak width is considerably larger. Then52 state has
shifted to lower energies by the same amount as the decrease
of the work function.

At 2.5-ML coverage we observe electrons out of an image
state at a slightly higher energy than the one from clean
Cu~100!. The linewidth is also increased. At 4.5 ML the peak
is even broader and asymmetric with a tail at the high-energy
side. The spectrum at this coverage can be explained as a
weighted sum of the image state spectra from the 2.5 and
6.3-ML films. This indicates a continuous change in the sur-
face morphology. Between 5 and 10 ML iron we detect the
image states with the highest count rate and smallest line-
width for all iron films. This is a sign for the best-ordered
films in the investigated coverage regime. The line shape and
in particular its dependence on the polarization of the excit-
ing light will be discussed in more detail in Sec. IV.

At a coverage of 10 ML we can observe another transition
in the appearance of the spectra: In addition to the image
state of fcc iron we see another feature in our spectra at
around 4.35 eV relative to the Fermi level. From its energetic

position, this state can be interpreted as ann51 image state
from bcc Fe~110! ~Ref. 22!. At even higher coverages the
surfaces have to be annealed to 400 K for 60 s in order to
obtain satisfactory count rates. One can no longer detect the
fcc state at these coverages.

The results for all films measured at various photon ener-
gies are compiled in Fig. 2. The energetic position of the
detected states relative toEF are plotted versus the iron cov-
erage. The diamonds symbolize then51 and the squares the
n52 image states. Then52 data for Fe coverages above 2
ML were obtained using higher photon energies than for the
spectra shown in Fig. 1. The circles indicate the measured
values for the vacuum energyEvac. The solid line is a guide
to the eye through the scattered data points.

One can distinguish four different coverage regimes:~1!
0–1 ML: n51 image state at 4.06 eV, work function drops
'0.1 eV below the Cu~100! value.~2! 2–4 ML: n51 image
state at 4.09 eV, work function'4.68 eV. ~3! 5–10 ML:
n51 image state at 4.17 eV, work function'4.76 eV.~4!
>10 ML: n51 image states at 4.20 eV and'4.35 eV,
work-function decrease.

The adsorption of iron on a Cu~100! surface at room tem-
perature leads for small coverages to an extremely inhomo-
geneous surface.25 This results in a significant lowering of
the work function compared to the clean copper surface,
which affects mainly then52 state. Because these states are
further away from the surface, they average over larger areas
than then51 states, which feel a local work function.13

From 2–3 ML on, the iron atoms form a film with well-
defined image states and work function but the first layer is
still corrugated.28 This corrugation leads to a reduced work
function of the iron layers of 0.08 eV compared to the films
between 5 and 10 ML, which show no corrugation of the first
layer.29 At a coverage slightly above 4 ML we observe the
transition between these two fcc film morphologies through
the variation of the energetic position of image states as well
as the variation of the work function. Due to their small
linewidth and high count rate, we attribute the image states
between 5 and 10 ML to the best-ordered films in this study.

FIG. 1. Series of 2PPE spectra of Cu~100! with increasing iron
coverage. The spectra are normalized to maximum count rate and
are plotted relative to the Fermi energyEF. On the left side the
coverage and on the right side the work functionF are shown,
respectively.

FIG. 2. Energies of the image states as a function of the iron
coverage on Cu~100! ~diamonds: n51, squares:n52). The
vacuum level is represented by circles, the solid line is a guide to
the eye. The horizontal line marked bcc Fe~110! stands for the
energetic postion of then51 image state on Fe~110!.
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Therefore, these films were used to study the exchange split-
ting of the image states in Sec. IV. At a coverage of around
10 ML we observe another transition. This is the changeover
from the fcc into the bcc film morphology of~110! orienta-
tion which has been observed before.30,31 It is interesting to
note that the image-state energy of 4.35 eV is close to the
value measured on the~110! surface of a fcc Fe bulk
sample.22 The significantly lower work function indicates a
considerable roughness of the films. As a first conclusion, we
see that we are able to follow the coverage-dependent mor-
phologies of Fe/Cu~100! films reported by structural
investigations.25

The work function and energy position of then51 image
state for monolayer coverages are listed in Table I. The re-
sults for the energies of then51 image states are compared
to calculations with a one-dimensional scattering model21,32

using spin-averaged band edges from a band-structure
calculation.33 The calculated energies are slightly higher than
the experimental values with increasing deviations for higher
coverages. The same situation has been found for other fer-
romagnetic surfaces.22 Possible explanations are self-energy
effects21 or a different position of the effective image plane
at surfaces withd-electron screening.

In the case of Co/Cu~100!, our measurements are compat-
ible with the layer-by-layer growth~at least from the second
layer on! of cobalt on Cu~100! reported in the literature.34–41

In particular, there were no signs of a transition from the fcc
morphology to the hcp structure, which is at room tempera-
ture favored by cobalt. This was checked for coverages up to
11 ML. The energy of the image states as well as the work
function for several coverages are also given in Table I. For
thick films the work function and the energy of the image
states are significantly lower than the corresponding values
measured on the~0001! surface of a hcp Co bulk sample.22

IV. EXCHANGE SPLITTING OF IMAGE STATES

The results of the preceding section gave no clear indica-
tion for a splitting of the image states into a pair of states
with majority and minority spin orientation. The larger line-
width of the spectra in certain coverage regimes could be
explained by a poorer surface quality or mixtures of different

surface structures. To our knowledge, no experimental or
theoretical investigations on the spin splitting of the image
states on fcc Fe~100! have been performed. It seems, there-
fore, reasonable to expect for Fe/Cu~100! an exchange split-
ting of the image states around 57 meV as has been mea-
sured for bcc Fe~110! ~Ref. 17!. The most promising
coverage for a search for the exchange splitting of the image
states is in the range between 5 and 10 ML, where the nar-
rowest peaks are observed~see Fig. 1!. Similar to the case of
the close-packed ferromagnetic surfaces22 the intrinsic line-
width of the spectra is larger than the exchange splitting, so
only an upper limit could be obtained from a line-shape
analysis of the experimental data.

Additional information can be obtained by a variation of
the polarization of the incident light. Figure 3 shows two
2PPE spectra of then51 image state on 7-ML Fe/Cu~100!.
Each spectrum is normalized to a maximum count rate and
plotted versus the energy relative to the Fermi level. For the
lower spectrum, we useds-polarized light for the excitation
of an electron from the bulk bands into the image state and
for the upper spectrum we usedp-polarized light for that
step. The wavelength of the ionizing light was 560 nm for
both spectra. The lower spectrum shows an image state at
lower energy relative toEF and with smaller linewidth than
the upper one. The excitation byp-polarized light is much
more efficient and leads to a significantly larger electron
emission. Because the shift and broadening in the upper
spectrum were observed also for lower laser intensities and
at other photon energies, we can rule out that they are caused
by space-charge effects. Such effects could be definitely ex-
cluded only for films in the coverage range between 5 and 10
ML. At other coverages the poorer film quality leads to a
lower image-state intensity, an increased linewidth, and a
larger background of low-energy electrons. This makes the
identification of small shifts and broadening in the spectra
difficult.

The experimental results can be analyzed as a single peak

TABLE I. Experimental values for the work functionF and the
energies of then51 image states. All energies are given in eV
relative to EF. The experimental error is about60.03 eV. The
theoretical values for the energies of then51 image states result
from calculations within a one-dimensional scattering model~Ref.
32!.

Clean 2 ML 4 ML 6 ML 8 ML Film

Fe Expt. F 4.63 4.68 4.68 4.76 4.76
on Expt. n51 4.06 4.09 4.09 4.17 4.17 4.35

Cu~100! Theor. n51 4.11 4.21 4.22 4.30 4.30

Clean 1 ML 2 ML 3 ML 4 ML Film

Co Expt. F 4.63 4.66 4.72 4.72 4.78 4.78
on Expt. n51 4.06 4.16 4.17 4.18 4.19 4.19

Cu~100! Theor. n51 4.11 4.16 4.23 4.23 4.29 4.30

FIG. 3. Spectra of then51 image state for 7 ML Fe/Cu~100!
plotted relative to the Fermi energyEF and normalized to maximum
count rate. For the upper spectrum, the excitation into the image
state was done byp-polarized light, whereass-polarized light was
used for the lower spectrum. The solid lines show the fit functions
and the residuals below each spectrum.
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excited bys-polarized light and by the observation of an
additional peak forp-polarized light. Following this interpre-
tation, we have performed line fits in which the weighted
x2 sum gets minimized. We fitted the lower spectrum with a
Lorentzian function for the intrinsic lifetime broadening of
the image state convoluted with a Gaussian function for the
analyzer resolution.24 The resulting energetic position and
linewidth were then fixed as input for the fit function for the
upper spectrum. This leads to the significant fitting of an
additional state at higher energies and to an improvement
over fits with only one peak. The solid lines represent the
resulting fit functions. For each fit we also show the residu-
als, i.e., the deviation of the fit function from the data points
weighted by the error of the individual data points. Follow-
ing this procedure we obtain an exchange splitting of the first
image state on 7-ML fcc Fe/Cu~100! of 65615 meV aver-
aged over several preparations. The coverage dependence of
this splitting could not be investigated because only films in
this coverage regime yield spectra with sufficiently narrow
linewidth and low background. For other coverages it is also
difficult to avoid space-charge broadening in the spectra with
p polarization for laser intensities where sufficient signal
could be obtained withs-polarized light. For 6 ML of Co on
Cu~100! a value of 55610 meV for the exchange splitting of
then51 image state is obtained.

The most straightforward interpretation of the two peaks
observed in the spectra of Fig. 3 is that we see only the
majority image state in the lower spectrum and both majority
plus minority image states in the upper spectrum. Now the
interesting question is why should one observe only the ma-
jority image state when usings-polarized light for the exci-
tation of electrons into the image states and the majority and
minority states when usingp-polarized light? To answer this
question, we plot in Fig. 4 the band structure of Fe/Cu~100!
along theGDX ~100! direction ~after Ref. 42!. Shown are

only bands ofD1 andD5 symmetry by open and filled sym-
bols, respectively. Due to dipole selection rules43 these states
are the only possible initial states for excitation of image
states~of D1 symmetry! in our experimental setup. Upward
triangles stand for majority states, downward triangles for
minority states. Image states are surface states and show no
dispersion along the direction of the surface normal. Their
exchange splitting is exaggerated for the sake of better vis-
ibility. Due to the conservation of the electron spin in optical
excitations, the majority image state can only be occupied by
electrons from majority states and the minority image state
only by electrons from minority states.

With s-polarized light as indicated by the solid arrows in
Fig. 4 the image states can be populated only fromD5 states
due to dipole selection rules.43 The excitation of the states
with the different spin orientations from theD5 bands occurs
at different wave vectors, which implies a different period-
icity of the wave function. The wave function of the image
state in the metal is an exponentially decaying standing wave
with the same periodicity as the bulk states at the zone
boundaryX. The matrix element for the optical transition
from bulk bands into the image state has its maximum for the
wave vector atX and decreases towardsG. This argument
takes into account only the periodicity of the wave function
and should be a good approximation for the slowly dispers-
ing d bands where the orbital character of the wave function
does not depend strongly on the wave vector. These consid-
erations explain why the emission from the majority-spin
image state dominates the spectrum fors-polarized light as
indicated by the solid arrows in Fig. 4 in agreement with the
experiment.

For p-polarized light the polarization vector has compo-
nents parallel and perpendicular to the surface normal, be-
cause the laser beam hits the surface under an angle of 45° in
our experimental setup. The image states can, therefore, be
populated from initial states withD1 ~dashed arrows! or D5
symmetry with p-polarized light.43 However, as indicated
qualitatively by the width of the arrows in Fig. 4, the exci-
tation of the image states from the slowly dispersingd states
is much less efficient than from the strongly dispersingsp
bands ofD1 symmetry. This can be seen directly in the ex-
periment, because the intensity usings-polarized light is
smaller than forp-polarized light, where excitation from the
D1 bands contributes. The wave functions of the image states
are exponentially decaying solutions in thesp band gap of
the bulk band structure. The overlap with the wave functions
of thesp bulk bands of similar character is large. This leads
to a strong excitation of the image states from thesp bulk
bands compared to the excitation fromd bands. At the pho-
ton energy used, the image states are excited from bands
close to the Fermi levelEF. As can be seen in Fig. 4, the
exchange splitting of thesp bands ofD1 symmetry in the
relevantk range is quite small. Because the wave vector and
wave function are almost identical for the two spin orienta-
tions, the matrix element for the transition into the image
states should be in first approximation independent of the
spin direction. These considerations and the negligible con-
tribution by the excitation fromd bands explain why we
observe both majority and minority image states with
p-polarized light.

These arguments justify our assumption that the spectra

FIG. 4. Band structure of fcc Fe~100! alongD ~after Ref. 42!.
Excitation into the image states can occur only from energy bands
of D1 ~open symbols and dashed arrows! andD5 ~filled symbols
and solid arrows! symmetry. Upward and downward triangles rep-
resent majority and minority spin states, respectively. The exchange
splitting of the image states is exaggerated. From the widths of the
arrows the different occupation of the image states for excitation
with s-polarized~solid arrows! and p-polarized~solid and dashed
arrows! light can be inferred.
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obtained withs-polarized light show only the majority image
state, whereas spectra usingp-polarized light show the ma-
jority and the minority state. It should be emphasized that the
exchange splitting of the electronic states exists for ferro-
magnetic samples independent of the magnetization. The po-
larization effect has been observed without magnetizing the
sample by an external field and identical results are observed
for magnetized and unmagnetized films. The values obtained
for the exchange splitting of 65615 meV and 55610 meV
for Fe and Co films on Cu~100! are close to the values re-
ported for close-packed surfaces of bulk crystals,17,22 which
agree with theoretical estimates.11,19,20Experimental or theo-
retical data for the exchange splitting of the image states on
fcc films are not available. Our results are in agreement with
the general trend that the exchange splitting for Co is smaller
than for Fe~Refs. 11 and 22!. For a calculation with a one-
dimensional scattering model32 we scaled theoretical values
for the exchange splitting of the edges of thesp band gap33

to match the publishedd band splitting of fcc Fe~100! ~Ref.
42!. We obtain an exchange splitting of the first image state
of 11 and 19 meV on fcc Co and Fe, respectively. These
numbers lie well below the experimental values, much like
in the case of the bulk surfaces.11

From our data analysis we also obtain the intrinsic line-
width for the variousn51 image states. The majority
n51 state of 7-ML Fe/Cu~100! has a linewidth of 98612
meV and the minority state a linewidth of 71620 meV. This
compares to the values for 6-ML Co/Cu~100! of 8269 meV
and 90617 meV for the majority and minority state, respec-
tively. So within the error limits no spin dependence of the
intrinsic linewidth of then51 image states on Fe/Cu~100!
and on Co/Cu~100! is observed. Such a dependence has re-
cently been found for the bcc Fe~110! surface.17 These au-
thors report linewidths of 70610 meV for the majority
n51 image state and 140610 meV for the minority state.
We would like to note here that the two-photon photoemis-
sion data of Ref. 22 and recent measurements44 for bcc

Fe~110! are not compatible with such a large linewidth of the
minority states and favor approximately equal linewidths for
the image states of both spin orientations.

V. SUMMARY AND OUTLOOK

In this paper we have shown how the coverage-dependent
morphology of Fe/Cu~100! can be monitored by the two-
photon photoemission from image states. This is possible
because these states are localized only some angstroms in
front of the surface and are therefore strongly influenced by
the local potential in front of the surface. With different lin-
ear polarizations of the exciting light we observe different
peak positions and linewidths of the image states. The inter-
pretation as an effect of a spin-selective excitation leads to a
determination of the exchange splitting of the image states.
This proves that these surfaces are ferromagnetic in contrast
to Hezavehet al.6 and Macedo and Keune,7 but in agreement
with Thomassenet al.5 and Detzelet al.8 The values for the
exchange splittings are in agreement with other reports. The
intrinsic linewidths of the image states are in the range of
previous reports for close-packed surfaces of ferromagnetic
materials.17,22

Of particular importance is the fact that it is not necessary
to magnetize the sample for these measurements in contrast
to other spin-dependent spectroscopies. The spin-selective
excitation process works for each domain of magnetization
on the sample separately. This opens the possibility to search
for a possible exchange splitting in systems lacking magne-
tization, such as ferromagnetic surfaces above the Curie tem-
perature or small islands.
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