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Unexpected Negative Exchange Splitting of the Fe(001) Image State
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We have observed a surprisingnegativeexchange splitting of then  1 image-potential surface stat
at Fe(001) using spin resolved inverse photoemission, indicating that the minority-spin level has a
energy than the majority-spin level. Calculations show the negative sign results from two superim
effects. A true reverse polarization of the image state, which hybridizes with bulk bands, which is
enhanced by matrix element effects in inverse photoemission. [S0031-9007(96)00790-9]

PACS numbers: 73.20.– r, 75.30.Pd, 79.60.Bm
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The long-ranged Coulombic attraction between an e
tron in front of a metal surface and the induced ima
charge gives rise to a hydrogeniclike infinite series
states loosely bound to the crystal at energies just be
the vacuum level. These so-called image states have
extensively studied in recent years [1], and have been
ploited in applications as diverse as monitoring the grow
and morphology of ultrathin metal films [2], as a source
elemental contrast in the scanning tunneling microsc
[3], and in the study of electron localization in insul
tors and at the metalydielectric interface [4]. Image state
have been experimentally identified primarily through
verse photoemission (IPE) [5–7] and two-photon pho
emission [8]. When the crystal lacks a suitable projec
band gap to prevent penetration of the image state into
metal, hybridization with bulk states gives rise to ima
resonances. These are less pronounced but still visible
IPE spectra [9,10].

In the case of a ferromagnetic surface the excha
interaction between the image state and the electron
the crystal depends upon the spin of the electron. He
the possibility of a spin splitting (a different energy fo
majority- and minority-spin levels) which is expected
be a useful probe of surface magnetism. Himpsel [
has used a simple phase-shift model coupled with
two-band approximation to predict splittings for vario
ferromagnetic surfaces, and subsequently a number
been recorded experimentally [11–15]. There has a
been a detailed theoretical calculation [16] for the Fe(1
surface which has predicted a splitting of 55 meV atḠ

(the center of the surface Brillouin zone) for then  1
image state, twice that given by the two-band model [
but in excellent agreement with the recently measu
value [15] of57 6 5 meV. We report here the first resu
(both theoretical and experimental) concerning the s
splitting of an image resonance, that which is found at
Fe(001) surface. Remarkably, we find anegativesplitting,
corresponding to the minority level having lower ener
than the majority level. Of all the electronic states in b
0031-9007y96y77(5)y908(4)$10.00
c-
e
f
w

een
x-

th
f

pe
-

-
-
d
he
e
n

ge
in

ce

0]
he
s

ve
so
0)

]
d

in
e

y
c

Fe this is the first (either occupied or unoccupied) to
found to have a negative exchange splitting, and points
a complicated relationship between substrate and ima
state magnetism.

Our experiments are spin resolved inverse photoem
sion [17] in which we collect photons emitted during th
radiative decay of spin-polarized incident electrons in
empty metal states. We work in isochromat mode, s
lecting photons at a fixed energy ofhn  9.6 6 0.3 eV
while varying the energy of the collimated and transvers
polarized incident beam produced by a negative elect
affinity photocathode [18]. For this we use a thin (100 nm
GaAs layer deposited on ap-doped AlGaAs substrate in
good lattice matching conditions. This source has a hig
polarization [P0  s42 6 2d% [19] ] than bulk GaAs crys-
tals, as electrons excited in the thin layer are less effectiv
depolarized than in the bulk [20]. The acquisition time
consequently reduced by a factor of,2 when compared
with usual sources withP0 . 30%, the figure of merit of
the source being proportional to the square of the polari
tion [21]. Spin-polarized spectra are then normalized
a hypothetical 100% electron beam polarization throug
standard procedure [22]. All IPE data are recorded at ro
temperature. We report results for electrons incident n
mal to the surface, probing electron states atḠ.

The Fe(001) single crystal was cleaned by extens
heat treatment in H2 atmosphere and subsequent sputt
annealing cycles in ultrahigh vacuum (base press
3 3 10211 Torr). As described elsewhere [23] the be
quality surface, important in image state spectroscopy
achieved by annealing a thin (,30 Å) Fe film homoepi-
taxially grown on the clean Fe(001) substrate. For clea
liness reasons we refresh the surface every 2 h by spu
annealing and re-evaporation, although no evidence
contamination (in x-ray photoemission spectroscopy, lo
energy electron diffraction spectroscopy, or IPE) is d
tected before 3 h. Samples were magnetized in pla
along the [010] direction of the Fe lattice by means of
current pulse through a coil surrounding the sample, th
© 1996 The American Physical Society
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IPE spectra taken in magnetic remanence so as to pro
a definite incident electron momentum. In order to e
dence only true spin effects, series of spectra have b
recorded for each of the four possible relative vector o
entations of sample magnetization and beam polarizat
However, the spin asymmetries were identical (opposite
sign), removing any possibility of spurious effects. Th
spectra from each of the clean surfaces were accura
checked and then summed to obtain the requested sta
(.50 3 103 counts per point, 50 pointsyeV).

The inset in Fig. 1 shows IPE data for Fe(001). B
sides the bulk derived spectral featuresB1 andB2, already
reported and discussed elsewhere [22,24], there app
a smooth peak at about 3.8 eV above the Fermi ene
(EF) originating from transitions into then  1 image
resonance. This feature is shown with enlarged scale
Fig. 1. The peaks corresponding to the image resona
are superimposed upon a steplike increase at the high
ergy side representing the unresolved higher-order m
bers of the Rydberg series and the continuum of sta
above the vacuum level [13,25]. In order to determi
a magnetic splitting we have performed a least-squa
fit with a Lorentzian representing transitions to the ima
resonance superimposed upon a steplike and linear b
ground. The resulting curves, broadened with a Gau
ian 0.7 eV wide (full width at half maximum) representin
the experimental response function, are shown in Fig. 1
lines through the data points. We have repeated the fit
procedure using various different background shapes
energy interval and the relative difference between sp
up and spin-down peaks was found to be within the valu
given below.

The analysis reveals anegative magnetic exchange
splitting, with the IPE feature due to the image resonanc

FIG. 1. Measured spin resolved IPE data (dots) at norm
incidence of the image potential induced state in Fe(00
majority " and minority# . The spectra are offset for the sak
of clarity. The broadened Lorentzians best fitting the data (
text) and the resulting fitting curve are also shown. The in
displays IPE data in a wider energy range aboveEF .
ide
-
en
i-
n.
in

ely
stic

-

ars
gy

in
ce

en-
m-
es
e
es
e
ck-
s-

as
g

nd
n-

s

in

al
):

e
et

the minority-spin channel lying lower in energy than in th
majority-spin channel, as well as different intensities in t
two spin channels. The splitting is determined as267 6

17 meV. Apart from the anomalous sign, the magnitu
is comparable to splittings observed for image states at
surfaces of other ferromagnets [13 6 13 meV for Ni(001)
[12], 18 6 3 meV for Ni(111) [13], and57 6 5 meV for
Fe(110) [15], all atḠ, and 125 6 24 and 96 6 30 meV
at Ȳ for Cos101̄0d [14] ]. However, it is not possible to
immediately conclude that the Fe(001) image resona
actually has a negative exchange splitting. This is beca
the IPE signal is not strictly a direct measure of the elect
states at the surface but is generated over an ill-defi
depth at the surface, depends upon the availability of (h
energy) initial states, and also depends upon the coup
to the photon field. These matrix element effects c
influence the IPE spectra and have been studied in de
by Schaich [26] using model one-dimensional calculatio
of IPE. He has shown that whereas the energies of feat
in IPE spectra coincide with the positions of true surfa
states, shifts of several tenths of an eV are possible in
case of resonance states. If matrix element effects in
case of Fe(001) were to cause different shifts in the t
spin channels, this itself might explain the unusual s
splitting.

We have therefore sought to confirm the experimen
observation by studying the Fe(001) image resonan
theoretically, using multiple-scattering calculations of bo
the surface electronic structure and of the IPE spec
For the former we use the layer KKR method [27], whic
enables us to study a semi-infinite substrate. This is v
in the present context in order to correctly describe
continuum of bulk states at the surface, to which t
image states couple. We characterize the image-der
surface electronic structure by evaluating the spin resol
local density of states (LDOS, the number of states
unit energy at a given energy) integrated through a ne
surface region [25] which extends 10 a.u. into vacuu
from the jellium edge (half an interlayer spacing beyo
the outermost atomic layer). This is the same volume t
previous studies of image states and resonances [16
have focused on.

For the IPE calculations we have used Pendry’s o
step theory [28], a quantitative single-particle theo
which treats IPE as the time-reversed photoemission (
process. Within geometrical and phase-space factors
differential IPE yield is proportional toIkcjDG1Dyjcl,
wherekrjcl is the wave function of the emitted photoele
tron andkrjG1jr0l the propagator of the low-energy hol
state in the corresponding PE event. Both are sensitiv
the surface barrier potential butG1 especially, giving rise
to the image-derived structure in the IPE spectra.D is the
photon field operator, for which we ignore poorly know
dielectric effects and assume a uniform field.

The IPE calculations [29] evaluatec andG1 using the
same scattering methods that are used in the electr
structure calculations. By using the same crystal a
909
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vacuum barrier potentials for both sets of calculations
is possible to make a direct comparison of image-deri
features, and therefore we are able to quantify mat
element effects. We use an atomic sphere represent
of the crystal potential [27], taken from self-consiste
layer KKR calculations for the Fe(001) surface [30]
which the potential within the three topmost atomic laye
was determined self-consistently (we actually find a bu
terminated Fe substrate gives comparable results).
the vacuum barrier we have considered various satur
image potential profiles [7], differing in how the long
range image tail is modified upon approaching the crys
As noted by Smith [7] in regard to the binding energi
of image states, we find the various parametrizations g
rise to similar results, although for differing positions
the image plane. Applying our scheme to the Fe(1
surface we obtain a splitting of the (true) image state
55 meV ignoring the barrier polarization, compared w
63 meV previously reported using a more sophistica
approach [16]. Calculations using perturbation the
indicate that polarization of the barrier, whose omiss
increases the splitting at Fe(110) by 8 meV [16], ha
negligible effect on the Fe(001) image resonance.

In Figs. 2 and 3 we show the results of our IPE a
electronic structure calculations for Fe(001). Figure
shows the spin resolved normal incidence IPE spe
calculated for final-state energies in the vicinity of t
vacuum level and a photon energy ofhn  9.6 eV. We
find oscillatory features in both spin channels which can
attributed to the image potential, as they are absent in
spectra calculated using short-ranged barrier potent
The structure between20.25 eV and the vacuum leve
is rather sensitive to the final state lifetime, which in t
calculations is simply modeled through a constant opt
potential. By reducing the value of this potential a
so increasing the lifetime it is possible to resolve mo
peaks in the spectra, which form a Rydberg-like ser
converging on the vacuum level. However, we find t
major peak near20.5 eV changes little with variations

FIG. 2. Calculated spin resolved IPE spectra from Fe(00
for normal incidence majority" and minority # electrons
and photon energyhn  9.6 eV. Ey is the vacuum level
(EF 1 4.5 eV).
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in the optical potential. This feature corresponds to
n  1 image resonance, which lies closest to the crys
surface where the IPE signal is generated and consequ
gives rise to the strongest signal. It also has the grea
overlap with the continuum of crystal states, and it is th
coupling which dominates the width of the peak.

The most notable feature in the calculated IPE spec
is the spin splitting which is245 6 5 meV for then  1
derived peak, lying higher in the majority spin chann
than the minority spin. This is in good agreement w
the experimental measurement. The peaks at20.2 eV
corresponding to then  2 image state also exhibit a
negative spin splitting, but considerably smaller as
n  2 wave function is located significantly further awa
from the surface and the coupling to the polarized crys
is much weaker. For true image states the splitting ob
a 1yn3 scaling [16].

The influence of matrix elements is assessed by co
parison with the corresponding LDOS shown in Fig.
The LDOS shows a series of image resonances conver
on the vacuum level. There is a noticeable difference
the position of the lowest lying peak relative to the corr
sponding feature in the IPE spectra, which lie about 0.1
higher. An upward shift was reported by Schaich in h
model calculations [26]. However, the spin polarizatio
of the image resonances remains negative, indicating
shift is comparable for both spin channels. The splitti
is 230 meV for then  1 resonance, confirming the un
usual negative exchange splitting for the Fe(001) ima
resonance seen in the IPE spectra and indicating ma
elements are acting to enhance the splitting. It is intere
ing to note that the calculated IPE spectra exhibit a grea
intensity in the minority-spin channel (integrated intens
of the minority peak 30% greater than majority) as seen
the experiment (40% greater), whereas the LDOS sho
only a minor difference. This is another matrix eleme

FIG. 3. Calculated spin resolved LDOS from Fe(001), in
grated through the near-surface volume described in the t
The calculation includes a small imaginary component in
energy of0.005 eV which Lorentzian broadens the structur
most noticeably preventing resolution of the infinite Rydbe
series of levels approaching the vacuum levelEy. The two
curves (majority" and minority # ) have been offset for clar-
ity—they actually coincide at positive energies.
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effect, due to interference with contributions from bu
states, which we reproduced despite our simplistic tre
ment of the photon field.

The spin splitting of image states results from t
interaction with the ferromagnetic substrate. For tr
image states lying in a substrate band gap the ph
shift model with the two-band approximation relates t
splitting to that of the band edges [10], but quantitative
underestimates the Fe(110) splitting by a factor of
[10,16]. This indicates the importance of higher Four
components of the potential, necessary for describing
d bands which are fundamental to the magnetism. Out
the band gap the phase-shift model may still be applie
complex phase shifts [31] are used, but even using real
values for the crystal reflectivity taken directly from th
layer KKR calculations we find it incapable of producin
a negative spin splitting. The essential missing ingredi
is diffraction into other beams by the periodic surfac
included in the layer KKR calculations but ignored in th
one-dimensional phase-shift model. Again, higher Fou
components of the potential are seen to be vital fo
quantitative description of spin-polarized image states.

In conclusion, we have measured the spin splitting
the image resonance at Fe(001) surface with inverse ph
emission and find an unexpected negative exchange s
ting, with the minority-spin states at lower energy than t
majority. Theoretical analysis indicates this arises fro
two superimposing effects: the local density of states
the surface indicates a true reverse polarization, and
is then enhanced by matrix element effects in the inve
photoemission measurements. Since all other states o
Fe substrate have positive exchange splitting, this obse
tion highlights a complicated relationship between surfa
and image state magnetism.
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