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Exchange splitting of sp-like surface states on Ni(001)
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Spin-resolved inverse photoemission is employed to investigate crystal-induced and image-potential
surface states on Ni(001). The observed value of the spin splitting for the crystal-induced state at X is

180+60 meV and there is experimental evidence of a nonvanishing exchange splitting of the image-

potential state at I . These data are consistently described within the framework of a multiple-reAection
model for surface states if the upper band-gap boundaries are assumed to be exchange split by 200 meV

at I and 230 meV at X. For I, this splitting was confirmed experimentally by spin-resolved target-
current spectroscopy.

I. INTRODUCTION

Electronic surface states on ferromagnetic samples are
of particular interest in surface magnetism: They serve as
an indicator of magnetic properties of the uppermost
atomic layer of a surface. Besides the electronic struc-
ture, the magnetic properties of the surface layer, such as
exchange coupling and magnetization, can also widely
differ from those of the underlying bulk. For nickel sur-
faces even the existence of magnetically "dead" atomic
layers has been discussed. ' Today, however, it is gen-
erally agreed that the top atomic layers of Ni surfaces are
magnetically active. For Ni(110) this was directly
demonstrated by the large exchange splitting of surface
states. ' '

sp-like surface states appear in Shockley-inverted gaps
of the bulk band structure. Comprehensive data on the
dispersion of empty sp-like surface bands on low-index
fcc surfaces have been obtained by inverse photoemission
(IPE), making it possible to discuss general trends. '

Similarly, photoemission revealed a considerable number
of occupied surface bands. "' sp-like empty states are
conveniently classified as either crystal-induced states or
image-potential states. ' Crystal-induced states can be
regarded as a modification of bulk bands at the surface
and have a maximum in their probability distribution in
the top atomic layer. Image-potential states are a conse-
quence of the (1/4z ) form of the surface-barrier potential
on approaching the vacuum energy E~. These unoccu-
pied gap states form a Rydberg-like series spanning about
1 eV below Ez. Their wave functions, by contrast, peak a

0

few A in front of a crystal, thus having very little overlap
with bulk bands.

Because of the widely different overlap with bulk
bands, the exchange splitting is expected to be small or
negligible for image-potential states but considerable for
crystal-induced states. This qualitative picture has been
confirmed in a multiple-reAection model' calculation by
Borstel and Thorner. ' Furthermore, they showed that a
spin-dependent energy position of the gap edges already
leads to non vanishing values for the splitting of surface
states. Accordingly, for a quantitative understanding of
the exchange splitting of surface states in a given gap it is

essential to know the size of the bulk band splitting at the
critical points which define the gap.

Only a few experiments on the exchange splitting of
sp-like surface states have been reported so far. For a
crystal-induced state on Ni(110) at X, Donath et al. ob-
served a splitting of 170 meV. This is surprisingly large
for a state located about 6 eV above the "magnetic" Ni d
bands. No experimental values exist for the exchange
splitting of image-potential states. From IPE' and two-
photon photoemission' it is well known that image-
potential states can be detected as well-resolved peaks
only in band gaps in the region around I [center of the
surface Brillouin zone (SBZ)]. Hence Fe(110), Co(0001),
Ni(001), and Ni(111) constitute promising candidates for
measuring the exchange splitting of image-potential
states, rather than Ni(110), in which such states appear
only as weak shoulders in gaps at the SBZ boundaries. '"
In an early spin-revolved IPE study of Fe(110) (Ref. 17)
the electron beam was longitudinally polarized so that no
magnetic information could be obtained at I . In an in-
vestigation of Ni(001) by Klebanoff et al. ' also using
spin-resolved IPE even the detection of significant spin
effects in bulk transitions was hindered by closure
domains. ' ' Today there are just upper bounds for a
possible splitting of image-potential states at I: 40 meV
for Ni(111), as derived from ordinary (non-spin-resolved)
two-photon photoemission, ' and 0.1 eV for Fe(110) and
Co(0001), as recently estimated from spin-integrated IPE
data. Altogether, the conclusive experimental
verification of the exchange splitting of image-potential
surface states remains a challenging task.

In the present paper we report on the exchange split-
ting of surface states on Ni(001). Their spin dependence
is analyzed by spin-resolved IPE. Compared with an ear-
lier spin-averaged IPE study by Csoldmann et al. ,

' the
measurement of the two-dimensional energy dispersion

E(k~~~~) of the surface states is extended to larger k~~i. The
dispersion is discussed in Sec. III after a description of
the experimental procedures in Sec. II ~ In Sec. IV spin-
resolved target-current spectra (TCS) of the upper gap
edge at I (X, point) are presented. They demonstrate
the theoretically predicted ' exchange splitting of a
highly excited state at a critical point of the Ni bulk band
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structure. The surface-state exchange splittings observed
in spin-resolved IPE spectra are compared with a theoret-
ical estimate using the multiple-reflection model. In Sec.
V we summarize our conclusions.

II. EXPERIMENT
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FIG. 1. Schematic of the spin-resolved IPE apparatus.

The experimental setup ' used in the present work is
shown schematically in Fig. 1. Spin-polarized photoelec-
trons are excited in GaAs(001) by means of circularly po-
larized laser hght. A negative-af5nity photocathode is
obtained by adsorption of Cs and 02. After electrostatic
deflection by 90 a transversely polarized electron beam is
directed at the ferromagnetic sample by a transfer optics.
The latter is necessary since both the GaAs electron
source and the sample are contained in separate vacuum
chambers for their independent preparation. The
electron-beam parameters were measured with a Faraday
cup which was installed in addition to the sample. The
divergence of the electron beam was below 2' at a full
width at half maximum (FWHM) of 3 mm. The energy
distribution of the beam was controlled by operating the
Faraday cup as a simple retarding-field analyzer. The en-
ergy resolution of this arrangement is impeded by the in-
homogeneity of the deceleration field between the Fara-
day cup and the grounded last lens element of the
transfer optics. Hence the FWHM of 350 meV (at
cathode emission currents of typically 5 pA), obtained
from the retarding-field current characteristics by numer-
ical differentiation, must be regarded as an upper bound.

The single-crystal Ni sample had the shape of a square
picture frame with all legs parallel to a (110) axis. The
legs had a cross section of 3X3.5 mm and an outer
length of 13.5 mm. An uncovered self-supporting ten-
turn magnetization coil was wound around one leg. The
magnetization of nickel crystals is very sensitive to stress,
and so massive electric contacts must be avoided. The
sample was therefore heated by electron bombardment
instead of direct "Ohmic" heating. For preparation and
characterization of the sample conventional sputter facili-

ties, low-energy electron diffraction (LEED), and Auger
electron spectroscopy were employed.

The Ni(001) crystal was mounted in such a way that
the angle of electron incidence could be varied in the
I XUL mirror plane by rotating the sample. Photons em-
itted by the sample are simultaneously collected by two
iodine bandpass counters placed at different angles in the
mirror plane (Fig. 1). The bandpass characteristics of the
counters is due to the combined action of the I2 excita-
tion threshold for molecular photoionization and the
transmission cutoff of a SrF2 entrance window. The pho-
ton detection energy centers at 9.43 eV and has a vari-
ance of cr, ,=(113+8 meV) . The use of two counters
at different photon detection angles allows one to analyze
the angular distribution of radiative transitions and hence
the parity of the final states involved in the transition.

Both the energy distribution of the primary electron
beam and the optical resolution contribute to the overall
energy resolution of the apparatus. The corresponding
variance 0.,„,is given in these terms by

0 =0 +0expt electron opt &

since variances are additive upon convolution. The vari-
ance r7,„,=(167+7 meV) was derived directly from the
spectral linewidth of the image-potential surface state at
1 (Sec. IV C) since the intrinsic linewidth of the states
is one order of magnitude smaller. By means of Eq. (1) a
FWHM of 285+30 meV is obtained for the electron ener-
gy distribution independently of the retarding-field mea-
surement if we assume a Gaussian line shape. (The
FWHM of a Gaussian function is related to the variance
cr by FWHM =2rT&2 ln2. )

For unique detection of spin asymmetries it is neces-
sary to exclude any artificial "asymmetries" resulting
from the apparatus. An important operational check is
based on the fact that spin effects only depend on the rel-
atiue orientation of the electron-beam polarization and
quantization axis, i.e., the sample magnetization. A
"true" spin effect in the spectra should remain unaffected
upon simultaneous reversal of both polarization and mag-
netization, but should change sign upon reversal of only
one vector. In all spin-resolved measurements one series
of spectra was recorded for each of the four possible com-
binations. The spin asymmetries and hence the resulting
spin splittings were —except for the sign —identical
within counting statistics. The highest insensitivity to
long-term drifts of the apparatus was obtained by
measuring the spin-resolved spectra quasisimultaneously:
For each spectral energy the electron-beam polarization
was reversed after a few seconds by switching the helicity
of the light on the GaAs photocathode through a Pockels
cell.

The light transmitted by the transverse Pockels cell
was observed to contain a non vanishing fraction of
linearly polarized light which varies in time and amounts
to 10% in intensity. This nonideal behavior was found
for all three of the different cells tested within this work
and is presumably characteristic of many cells. The
theoretical electron spin polarization of 50% for the
GaAs source is not achieved in experiments. This fact
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has been attributed to depolarization effects of the elec-
trons in the Cs-02 adlayer but can be partly due to in-

1 t circular polarization of the incident lig t: At a
fraction o of 10% linearly polarized light not more

reticall . In45%%uo spin polarization can be expected theoretica y. n

previous experiments with a stable Pockels cell providing
circularly po arize ig1 d 1 ht with only a small fraction of
linear polarization (maximum up to 2%%uo), a spin polariza-
tiono o wf (33+3)% was reproducibly obtained, irrespec-
tive o e af the aging of the photocathode. In spec~ ying e
uncertainty in the spin-splitting values determined in
work, we have taken into account any reduction o the
source polarization that may oc

~ ~

cur as a result of the
noni ea e av''d 1 behavior of the Pockels cells used here.

W h a in the work function of the cathode c angeWit aging, e
in time ofby about 100 meV within a continuous operating

150 h Th' leads to a corresponding shift of the onsetis
energy in t ehe IPE spectra. Work-function changes o

b anV can safel be detected and were compensated y an
offset to the acceleration voltage. This allowe e en

'
~

'
ed the entire

aging timeo t ecaf h thode to be used for the accumulation

of spectra in order to improve statistics.
F surement of energy dispersion relations theor mea

ns i.e. theirparallel momentum of the incoming electrons, i.e.,
angle of incidence 0 on the sample, must be known as

'bl . On Ni(001) normal incidence canprecisely as possi e. n
E s -band bulkbe determined by means of the intense IPE sp-ban u

transition since the photon-counting rate at the low-

energy side of the transition reveals a sharp maximum at
0=0' (Fig. 2). To minimize the influence of magnetic
fields on the low-energy electron beam the vacuum
chamber was equipped with a Co-N

r ™
vertical component of the Earth's magnetic field was
compensate y a paird b a air of Helmholtz coils. The residual

elow 10 T. Infield at the position of the sample was below 10 . n
addition, only truly nonmagnetic materials were used in

it of the electron beam. An indepen ent a ter-
the an-f r calibration of the angle 0 is to measure t e an-native or cai ra

'

gular dependence of the current absorbed y e
le. ' At any constant beam energy the absorbed current

must be symmetric with respect to =0' because of the
fourfold symmetry of the Ni(001) surface. Hence this
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method allows a check of a possible influence of residual
magnetic stray fields on the electron beam at any angle 0.
The two methods lead to the same calibration for normal
incidence (with +1 accuracy). Reversing the sample

magnetization had no effect on the electron beam.
Any spin asymmetry obtained experimentally is depen-

dent on the inner product P.J between the electron-beam
polarization P and the average sample magnetization J.
The spin-resolved spectra refer to the case of P.J=J,
which is equivalent to a hypothetical polarization of the
incident electron beam of 100% and P~~J. The count
rates N& (N& ) expected in this case for electrons with
spin parallel (antiparallel) to J are calculated from the
count rates n

& &
(raw data) obtained with the experimen-

tal polarization P using

n&+n&
(I+A ),

I 2

with the spin asymmetry defined as

(2)

n&
—n~

n&+n& P cosO
(3)

0 denotes the angle of electron incidence. The average
magnetization J seen by the low-energy electron beam is
mainly determined by the structure of the Weiss domains
at the surface. Let the sample be in a single domain state
with J parallel to the long axis of the crystal leg (110).
Then the angle of electron incidence 8 is identical to the
angle between P and J and hence the spin-revolved spec-
tra X& (N&) are directly comparable with theoretical
band structures. [The latter are calculated for the case of
electrons with spin parallel (antiparallel) to the quantiza-
tion axis. ] In the case of any other domain structure the
angle between P and the average magnetization J is
larger than 8 in Eq. (2). [This is strictly valid for normal
incidence. At off-normal incidence the assumption of a
vanishing average magnetization component normal to
the surface is necessary. The validity of this assumption
is expected for a magnetically soft material such as Ni
(Ref. 33) and was checked in situ by polar magneto-
optical Kerr-effect (MOKE) measurements. ]

Throughout the present work we applied Eqs. (1) and
(2) without regard for the "true" surface domain struc-
ture. The factor 1/cos8 in Eq. (2) is smaller than or
equal to a factor for the true structure. The asymmetry
A and any spin splitting obtained from the spectra X& &

are therefore lower bounds regarding the influence of the
complex domain structure expected for the Ni(001) sur-
face.

Owing to the magnetocrystalline anisotropy, Weiss
domains in Ni are magnetized along ( 111), the axes of
easy bulk magnetization at room temperature. Ni(001)
does not contain an easy axis so that a complex structure
of (flux) closure domains is generally found at the sur-
face. It will be demonstrated elsewhere that on sur-
faces without an easy axis closure domains can lead to a
drastic reduction of the auerage surface magnetization in
the remanent state and thereby hinder the detection of
spin effects. Thus in spin-resolved measurements at sur-

faces such as Ni(001) the identification of spin effects
affords a "magnetic preparation" in addition to the usual
preparation of atomically clean and well-ordered sur-
faces.

The magnetic preparation used for Ni(001) is based on
the fact that the crystalline anistropy energy in Ni rapid-
ly decreases with increasing temperature. The sample
was heated to 540 K, where the magnetization (in the
central region of a leg) could be homogeneously oriented
in small external fields (order of 1 A cm ' ). At
remanence this single-domain state is stabilized by fric-
tion of domain-wall motion and persisted almost com-
pletely as the sample cooled down to 340 K during mea-
surement. In this temperature interval closure domains
led to a reduction of the average surface magnetization
by only 10% as compared with saturation. This pro-
cedure yields a much higher average magnetization than
was achieved in the IPE investigation of Ni(001) by
Klebanoff et al. '

III. ENERGY DISPERSION

Momentum-resolved IPE spectra in the I X azimuth of
Ni(001) between 0 and 12 eV above the Fermi energy EF
are shown in Fig. 2. The observed transitions are
displayed in the form of an E(k~~) diagram in Fig. 3. The
angle of electron incidence was varied between normal in-
cidence and 70' off normal, the range being extended as
compared with the previous IPE study of low-index Ni

10-
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5

I
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FIG. 3. E(k~~ ) diagram of the IPE transitions at Ace=9.4 eV
on Ni(001) in the I X azimuth. Solid (dashed) lines show transi-
tions into minority (majority) states which are kinematically al-
lowed according to a combined-interpolation-scheme calcula-
tion. White areas within solid (dashed) borderlines denote the
gaps of the projected minority (majority) bulk band structure.
Different photon-detection geometries are indicated by the same
symbols as in Fig. 2.



6158 K. STARKE, K. ERTL, AND V. DOSE

surfaces by Goldmann et al. ' Furthermore, in the
present work photons were collected at different angles
by using separate counters. The photon detection angles
are indicated schematically in each of the three panels
(bottom) of Fig. 2. These different detection geometries
are reflected by different symbols in Fig. 3; their size indi-
cates the observed transition intensities. For comparison,
theoretically expected bulk transitions from a combined-
interpolation scheme band structure are included; the
data were kindly supplied by Fauster and are based on
the high-symmetry points of the theoretical E(k) relation
by Eckardt and Fritsche. Heavy solid (dashed) lines
show kinematically allowed transitions with A'co=9. 4 eV
into minority (majority) states. Energy dispersion and
spin dependence of the bulk transitions will be discussed
elsewhere.

When projected on the (001) surface the Shockley-
inverted band gap at the X point of the Ni bulk Brillouin
zone —the X4-X, gap —appears at I, whereas the L2-
L, gaps leads to the gap at X (unshaded areas in Fig. 3).
The surface state S& in the bandgap at I has been previ-
ously identified' as an image-potential state. At I it is
observed as a clear peak at 4.5 eV above EF', with the
Ni(001) vacuum energy of 5.3 eV (Ref. 38) this gives a
binding energy of about 0.8 eV. S, shows the expected
free-electron-like dispersion with an effective mass
m'/m =(0.95+0. 15) for k~~

~ 0.55 A '. The state S2 in

the gap at X is a crystal-induced surface state. In earlier
IPE studies with angle-integrated photon detection S2
only appeared as a weak shoulder. ' In the present work

S2 is observed as an intense peak through the photon
counter placed nearly normal to the surface but with al-
most vanishing intensity through the other counter (Fig.
3). The dipole axis of the transition is therefore approxi-
mately normal to the surface and consequently Sz has
even parity with respect to the I XUL mirror plane (Sec.
IV). The improved signal-to-background ratio, by means
of the second counter, allows the dispersion of the
crystal-induced state to be traced even beyond the SBZ
boundary. As in the case of Cu(001), ' ' the upward
dispersion is a consequence of the k~~ dependence of the

gap edges. '

The dispersion of bulk and surface states on Ni(001) in

Fig. 2 is in accord with general trends observed in recent
work on other fcc (001) surfaces. ' But for larger an-

gles of incidence it differs systematically from the Ni(001)
data by Goldmann et al. ' In the present work only non-
magnetic materials were employed for the sample holder
and in the vicinity of the electron beam. Furthermore, in
contrast to earlier measurements magnetic stray fields
from the sample itself are minimized by the closed-flux
geometry of the picture-frame crystal. Possible residual
fields were so small that reversing the sample magnetiza-
tion had no effect on the electron beam. (Sec. II). It is
thus conjectured that magnetic stray fields led to errone-
ous calibration for the angle of electron incidence in the
earlier experiments.

IV. EXCHANGE SPLITTING

The top atomic layer of metal surfaces and the bulk

A quantitative estimate of the exchange splittings of
sp-like surface states can be obtained in the multiple-
reflection model of Echenique and Pendry, ' McRae,
and Smith. Borstel and Thorner' employed this model
for the case of Fe(110). In the model a bound surface
state is regarded as a standing plane wave captured be-
tween the crystal and the image-potential surface barrier.

i+c
The amplitude of the wave changes by rce on each

i+~
reflection at the crystal and by rze at the barrier. r
and 4 denote the relevant reflection coefficients and
phase changes, respectively. After an infinite number of

i(eg+ep j ]
)reflections the amplitude becomes (1 rzrse—

A pole in this expression denotes a bound surface state.
It can therefore only exist inside a bulk band gap (rc = 1)
and below the vacuum energy E~ (r~= 1) at an energy
such that

+C ++B 277n (4)

where n is an integer. In order to meet this condition at
least one of the two phases, 4& or 4~, should rapidly
change with energy; accordingly, the states are formally
distinguished as either crystal-induced or image-potential
states. '

The barrier potential and hence Nz are assumed to be
spin independent. ' Using this approximation the ex-
change splitting of sp-like surface states is a consequence
only of the spin-dependent energy position of the band-

gap boundaries.
The exchange splitting of a Shockley-inverted gap is, in

principle, larger at the upper than at the lower edge:
While the upper s-like states can hybridize with the
"magnetic" 3d states, such hybridization is symmetry-

underneath have different electronic structures. Hence
their magnetic properties such as exchange coupling and
magnetization can be different as well. For Ni(001) Lan-
dolt and Campagna showed by polarization analysis of
field-emitted electrons that the spin-resolved densities of
states of surface and bulk are very similar at the Fermi
energy EF. This allowed them to exclude magnetically
"dead" surface layers. This result was corroborated by
electron-capture spectroscopy (ECS). Using spin-
polarized LEED, Feder et al. found the magnetization
of the first atomic layer on Ni(001) to be slightly
enhanced by (5+5)%%uo as compared with the bulk. An
enhancement of 20%, as expected from self-consistent
local-spin-density-functional calculations, has not been
confirmed by experiment. Altogether it follows that the
magnetization in the top layer of Ni(001) is very similar
to the magnetization in the layers underneath.

What size of the exchange splittings can be expected
for the sp-like surface states S, and S2? The wave func-
tion of the image-potential state S& has its maximum
probability a few A in front of the crystal surface and
hence has only a small overlap with bulk electronic
bands. The spin dependence of S& should therefore also
be small. In contrast, the wave function of the crystal-
induced state S2 peaks in the top atomic layer and a
much larger spin dependence has to be expected.

A. Theoretical predictions
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forbidden for the lower p-like states at the high-symmetry
points I, X, and L. In effective one-particle Ni band-
structure calculations Eckardt and Fritsche and
Noffke found a large contribution of d-like states at the
critical points X, and L, and thus predicted considerable
exchange splittings for the upper edge of the two gaps on
Ni(001): 200 meV at I and 230 meV at X.

The multiple-reflection model is adopted here for the
purpose of obtaining an estimate, and approximations are
used for the energy dependence of the phases. The en-

ergy dependence of the crystal phase 4c is described in
the two-band model, ' and it is assumed that 4C changes
by ~ on traversing the gap despite the nearby d bands.
The barrier phase is approximated by McRae's formula.
Figure 4 shows the spin-dependent crystal phases along
with the associate barrier phases for I (left) and X (right).
The absolute energy position of the states, as given by the
intersection of 4s with 2nn —4c [Eq. (4)], depends on
the parameters chosen (e.g., position of image plane). But
the energy difference of the spin-dependent intersections
(splitting) does not critically depend on these parameters,
so that for the estimate intended here it is not necessary
to adapt the absolute energies to the experimental values.

For the image-potential state (n =1) at I only a very
small exchange splitting of 10—20 meV can be expected.
This is because of the slow energy variation of 4~ in the
vicinity of the n = 1 intersections. For the crystal-
induced state at the SBZ boundary the situation is com-
pletely different: At X the effective vacuum energy
E~+fi k1/2m lies more than 11 eV above EF so that 4z
traverses the gap nearly vertically. Thus the exchange
splitting of the crystal-induced state has almost the same
size as the splittings of the gap boundaries. For S2 we ex-
pect a splitting of about 200 meV.

This simple estimate is in accord with a Ni(001) slab
calculation by Wimmer, Freeman, and Krakauer. They
predict an even-parity surface state in the gap at X at
about 5 eV above EF. It should be exchange split by
about 0.25 eV. From symmetry and energy position the

10-

theoretically predicted state can be identified with S2
(Sec. III).

B. Spin dependence of absorbed current

The spin dependence of the electron current absorbed
by ferromagnetic surfaces was first investigated by Sieg-
mann, Pierce, and Celotta. Spin-resolved target-current
spectroscopy (TCS) has so far only been applied to
Fe(001). For normal electron incidence on that sur-
face (I ) the spin asymmetry of the absorbed current re-
veals a peaked structure with a maximum asymmetry of
7% at 11 eV above the vacuum energy E~. Since ex-
change splittings in Ni are roughly one order of magni-
tude smaller, spin effects in the TCS spectra of Ni sur-
faces are expected to be smaller as well.

Figure 5(a) shows the spin-resolved absorbed current
on Ni(001) I between 0 and 8 eV above E~. E~ is 5.3 eV
(Ref. 38) above E~. At I (I -X direction) the incoming
electrons can couple to bulk bands with 5 symmetry
which span the X4 -X& gap . At about 4 eV above Ez the
target current curves clearly increase but remain struc-
tureless and fiat at higher energies (up to at least 40 eV).
The increase of the absorbed current occurs between 9
and 10 eV with reference to EF, i.e., at the upper edge of
the X~.-X, gap (Fig. 3). The energy of steepest ascent is
different for majority and minority electrons. This is
clearly revealed by the first derivatives of the target-
current curves in Fig. 5(b): The maxima are split by
(230+70) meV. The error is dominated by the uncertain-
ties of the background in the TCS asymmetry (see below)
and the electron-beam polarization. The derivative spec-
tra are obtained by convoluting the target-current curves
in Fig. 5(a) by the first derivative of a Gaussian function
with a variance of (50 meV) .

The energy of steepest ascent (turning point) in the
target-current curves is not identical with the energy po-
sition of X&, since the group velocity of the 6 bands van-
ishes at the critical point. Hence an incoming electron
can only couple to the bulk bands at energies above X&.
The exact energy position of the turning point also de-
pends on the band dispersion. ' In first approximation
the dispersions of the spin-dependent 6 bands near X&
differ only by a constant, which is the exchange splitting

5-
=0 (b)

EA

0-

phase (7t rad)

FIG. 4. Estimate of the exchange splitting of sp-like surface
states on Ni(001) using the multiple-reflection model. The ener-
gy values of the minority band gaps are obtained by a
combined-interpolation-scheme calculation based on the critical
point energies by Eckardt and Fritsche (Ref. 23).
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FIG. 5. Spin-resolved absorbed current on Ni(001) I (a) and
exchange splitting at the critical point X, (b). (For explanations
see the text )
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at X&. The spin splitting of the turning points thus
directly gives the exchange splitting at X, . As for all ex-
perimental values for spin asymmetries and splitting
given in this work, the value of 230 meV is a lower bound
with respect to the infiuence of closure domains (Sec. II).

The spin asymmetry associated with the target-current
curves is presented in Fig. 6 (solid dots). Because of the
exchange splitting the absorption of majority electrons
dominates at X&, which gives rise to a pronounced peak
with a maximum of 3% at 4.1 eV above Ev. Although
this TCS spin asymmetry is small, it can in principle be
precisely detected with little effort. In practice, the accu-
racy of detection was limited by the quality of the elec-
tron beam. The open squares in Fig. 6 give an example of
the TCS spin asymmetry with different lens parameters of
the electron transfer optics: The two asymmetry curves
show a different background. Owing to minor deAections
of the laser beam in the Pockels cell when switching the
helicity, the middle axis of the electron beam was not ex-
actly identical for the two polarization directions, as was
proved by measurement of the beam's vertical cross sec-
tion with a Faraday cup. Since the FWHM of the beam
was not much smaller than the sample width, the pri-
mary electron current on the sample changed by up to
1% when switching the polarization. This small
difference has no effect on the IPE spectra discussed
below, since they are normalized to a preset charge ab-
sorbed by the sample. But such small effects must in gen-
eral be considered in the discussion of spin-revolved TCS
spectra; here they lead to an uncertainty of about —,

' in

determining the asymmetry in the peak maximum in Fig.
6.

In the current rejlected from Fe(001) Tillmann, Thiel,
and Kisker observed a large spin asymmetry of 21/o
which they suggested be used as a polarization detector.
When different detectors are being compared, the quanti-
ty A I/10 serves as a figure of merit since for efficient

polarization measurement a large fraction I/Io of the pri-
mary electron beam Io must be analyzed in a process with
high asymmetry A. The achievable figure of merit is
3.5X10 for Fe(001) as compared with "only" a few
times 10 in the case of Ni(001), investigated here.
However, this value is respectable in comparison with the
figure of merit of 2. 3 X 10 (Ref. 52) achieved in conven-
tional detectors based on Mott scattering. For a practical
use of the Ni(001) spin asymmetry the sample must be
held at elevated temperatures since at room temperature
closure domains usually lead to a reduction of the aver-
age surface magnetization. ' '

The observed exchange splitting of (230+70) meV at
the X, point is in reasonable agreement with the theoreti-
cal prediction of 200 meV. This demonstrates the ex-
istence of strong hybridization of a highly excited free-
electron-like band about 10 eV above EF with the Ni 3d
bands. In estimating the exchange splitting of the surface
states we assumed splittings of the order of 200 meV for
the upper gap edges. In the case of the X& point this as-
sumption is now justified by experimental data.

C. Surface states

In Fig. 7 spin-resolved IPE spectra of the image-
potential state S, at I are presented along with the asso-
ciated spin asymmetry. The background in the IPE spec-
tra is also spin polarized, as already mentioned.
Hence, although the asymmetry reveals a significant
structure at the position of the two peaks, such a struc-
ture must be regarded with caution. It does not neces-
sarily indicate energy splitting of the peaks, since even
nonsplit peaks on a polarized background result in a de-

crease of the spin asymmetry in the peak region. This is
evident from Eq. (3): Nonsplit peaks are an unpolarized
contribution to the count rates n

& &, which only leads to
an increase of the denominator.
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FIG. 6. Spin asymmetry of the absorbed current on Ni(001)
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FIG. 7. Spin-resolved IPE spectra of the Ni(001) image-
potential state (n = 1) at I (Ace=9.4 eV) with the associate spin

asymmetry (diamonds). Solid and dashed lines show hypotheti-
cal asymmetries which refer to different sizes of the exchange
splitting.
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In order to identify possible spin splitting, the peak po-
sitions in the spin-resolved spectra were determined by
least-squares fits. In IPE spectra the line shape and back-
ground form —both necessary for characterizing the
spectra in the fitting procedure —are not known a priori.

The intrinsic linewidth of image-potential states is of
the order of several times 10 meV (Refs. 29 and 30) and is
thus much smaller than our overall resolution of about
400 meV FWHM. A Gaussian line shape (instrumental
response function) was therefore assumed for the peaks.
In the case of the spectra in Fig. 7 the absolute peak posi-
tion of the lines as determined by the fit depends on the
function chosen to describe the background. The peak
position of the lines determined by the fit is changed, e.g.,
by more than 20 meV when a purely linear background is
assumed instead of a linear background combined with
an integrated Gaussian, representing the steplike increase
of the background at the peak (see also Fig. 2). This un-
certainty in the absolute peak position is even larger than
the expected splitting of 10—20 meV (see above). Howev-
er, the relative energy position of the spin-revolved peaks
can be determined with a smaller error if the assumption
of a spin-independent background form is made. In the
fitting procedure the same functional form is thus used
for the background description in the two spectra. The
relative energy position of the peaks is found to be almost
independent of the four different background functions
employed: linear, quadratic, linear plus integrated Gauss-
ian, and linear with a second peak at a fixed energy
difference of about 0.64 eV above the image-potential
state (n = 1) in view of a possible contribution from the
neighboring (n =2) Rydberg state [E„=(1Ry)/16n ].
The smallest and largest values for the energy difference
were 10 meV (linear background) and 13 meV (linear plus
integrated Gaussian background). The y values for all
fits are well above unity, which can be understood as a
consequence of the small number of data points (14 per
spectrum): a statistical aberration of a single point leads
to a considerable increase of y . The lowest g =6.5 is
obtained for the linear plus "integral" background. For
this background the confidence interval of the energy
difference is [0,26] meV; the confidence intervals which
correspond to the other background forms are located
within the above interval. The uncertainty of the
electron-beam polarization (Sec. II) leads to a negligible
contribution ( (3 meV) to the experimental error. Con-
sequently, under the above assumption of a spin-
independent background form, there is an 83% probabili-
ty that the image-potential state is exchange split with
the most probable value being 13 meV.

In order to check the above result by an analysis which
requires no separation of the spectra into line and back-
ground, we compare the experimental spin asymmetry
with a hypothetical one. The latter is obtained by taking
the spin-integrated spectrum as "majority" and —after
addition of an offset 8 and a shift by an energy S—as
"minority. " It is thus assumed that the line shape is spin
independent and that the background only differs by an
offset within the spectral region. The experimental asym-
metry is described best (y =2.3) when a "splitting" of
S=10 meV (with an offset 8 = —7.5%) is assumed. The

crystal-induced state

rx e=so

I I

4.0 5.0
E — EF (eV)

I

6.0

FIG. 8. Spin-resolved IPE spectra of the Ni(001) crystal-
induced state (n =0) near X (Ace =9.4 eV).

corresponding hypothetical asymmetry is shown as a
solid line in Fig. 7. For comparison, similar curves for
S=0 (fiat curve, y =3.1) and for S=20 meV (y =3.3)
are included as dashed lines. Although the y minimum
for S=10 meV is well above unity, the result supports
the value obtained by the fitting procedure.

Figure 8 shows spin-resolved spectra of the crystal-
induced state S2 at (9=50 near X (corresponding to
8=56 ). The majority and the minority peak are clearly
spin split. The size of the splitting is (180+60) meV, as
determined by least-squares fits in which a linear back-
ground (see Fig. 2) with spin-dependent slopes was as-
sumed. The main contribution (50 meV) to the experi-
mental error is due to the uncertainty of the beam polar-
ization. The splitting of the transition is in a good ap-
proximation equal to the exchange splitting of the final
state since the energy of Sz is a stationary function of k~~

at X.
Close inspection of the spectra in Fig. 8 shows that the

width of the minority line is about 10%%uo larger than that
of the majority line. So far a shorter lifetime of unoccu-
pied minority states has only been observed in bulk tran-
sitions, where it seems plausible because of the unoccu-
pied density of states at EF being larger for minority elec-
trons. The wave function of a crystal-induced state has
considerable overlap with bulk bands into which the sur-
face state can decay. A spin-dependent lifetime of the
crystal-induced state S2 therefore seems reasonable.

The exchange splitting of both the image-potential
state S, and the crystal-induced state S2 is of the size ex-
pected from the estimate. The large splitting of S2 is a
consequence of the exchange splitting of the free-
electron-like bands at the upper gap boundary, here at
the I,

&
point. We propose the same explanation for the

splitting of the crystal-induced state in the J4.-J,
bandgap on Ni(110). Furthermore, the large splitting of
the crystal-induced state demonstrates directly that the
top atomic layer of Ni(001) is magnetically active.
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V. SUMMARY AND CONCLUSION

For a highly excited state at the upper boundary of a
Shockley-inverted gap a large exchange splitting is ob-
served by spin-revolved TCS. This result demonstrates
the theoretically predicted strong hybridization of free-
electron-like bands with 3d bands even several eV above
the Fermi energy. The spin splitting of both types of sp-
like surface states on Ni(001) is determined by spin-
resolved IPE. The comparison between experiment and
an estimate using the multiple-reflection model shows
that the exchange splittings of the crystal-induced and
the image-potential Ni surface states, although widely
different in size, can be understood as a consequence of

the spin-dependent band-gap boundaries.
The large splitting of the crystal-induced state

[(180+60) meVj directly demonstrates that the top atom-
ic layer of Ni(001) is magnetically active. There is experi-
mental evidence of nonvanishing exchange splitting of
the Ni(001) image-potential state [(13+13)meV]. Work
on improving the overall experimental resolution to
reduce the detection limit is now in progress.
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