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to Study Surface Magnetic and Electronic Properties 
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We report on a new technique, spin-polarized electron emission spectroscopy. Using grazing-angle, 
surface scattering of H +and He+ ions at Ni(llO), we find that the angle-resolved energy distribution of 
emitted spin-polarized electrons is significantly different from that of electron-induced secondary (cas
cade) electrons and exhibits a series of characteristic "peaks" (including element-specific Auger elec
trons). We obtain characteristic, spin-dependent information on the surface electronic structure of 
NiOIO) and on atom-surface charge-transfer processes. 

PACS numbers: 79.20.Rf, 61.14.Rq, 75.20.En 

Recently, broad and intense scientific interest has fo
cused on the two-dimensional (20) physical properties of 
surfaces of thin films and bulk materials. 1•2 Grazing-ion 
surface reflection is a powerful means to probe these 
properties, in particular, the electronic, magnetic, and 
even chemical properties of surfaces. At grazing angles 
of incidence, ions do not penetrate a flat surface, they are 
specularly reflected and, therefore, probe the topmost 
surface layer. This is profitably exploited in electron
capture spectroscopy (ECS), 3•4 where capture of spin
polarized electrons by grazing-angle surface reflected 
deuterons is used to obtain information on surface mag
netic behavior such as long- and short-ranged magnetic 
order, critical behavior, and 20 phase transitions. 5 

In recent years, a series of further spin-sensitive tech
niques has been devised and most successfully applied to 
study surface magnetism, 2•6 but none of them fulfills all 
the requirements of simultaneously being extremely sur
face, spin, and element specific. 

In this Letter, we report on a new and powerful 
method, energy- and angle-resolved, spin-polarized elec
tron emission spectroscopy (SPEES), where grazing
angle ion-surface reflection is used to induce the emission 
of spin-polarized electrons from the topmost layer of 
magnetic surfaces. Specifically the capability to detect 
element-specific, spin-polarized Auger electrons makes 
SPEES a very unique spectroscopy. Two other tech
niques are remotely related to SPEES: Electron
induced, spin-polarized Auger-electron spectroscopy 
(SPAES) successfully developed by Landolt, Allenspach, 
and Mauri 7 and ion neutralization spectroscopy 8 (INS) 
pioneered by Hagstrum and used to probe local electron 
density of states outside the surface. 

An important aspect of SPEES is that it not only al
lows us to study the electronic, magnetic, and chemical 
structure of surfaces, but also enables us to unravel the 
physics of electronic charge-exchange processes occur
ring during particle surface interaction, which, at 
present, receives a great deal of attention. 9- 11 

We employ the "spin" of emitted electrons as an addi
tional "label" to identify various processes occurring in 

ion-surface interaction at grazing incidence. Selecting, 
for the incoming ions, grazing angles of incidence sign
ificantly helps to avoid cascade effects caused by energet
ic secondary electrons or ions and reveals important de
tails about these processes. 

In order to obtain a deeper insight into the specific 
physical processes underlying SPEES, we performed 
SPEES experiments at (llO) surfaces of Ni picture
frame single crystals where the spin-polarized, ground
state surface electronic band structure is well known. 1 

Using SPEES at surfaces of well-defined, magnetized 
Ni( 110) picture-frame single crystals, we find that the 
energy distribution of the grazing-angle, ion-induced 
(H + or He+ ions) emitted electrons is significantly 
different (absence of secondary-electron cascades) from 
that of electron-induced 7 or ion-induced 12 secondary
electron spectra and shows pronounced energy-dependent 
features. 

In angle- and energy-resolved SPEES, we use graz
ing-angle (I o) surface reflection of 15-30-keV H +- or 
He+ -ion beams to study the emission of spin-polarized 
electrons as a measure of surface ferromagnetic order. 

Figure 1 gives schematically the experimental setup 
used for SPEES. Using an einzellens system (2 in Fig. 
l), we detect electrons emitted along the surface normal 

5 

FIG. I. Experimental setup used in SPEES experiments: I, 
magnetized Ni(I 10) picture-frame single crystal; 2 and 4, 
einzellenses; 3, electrostatic energy analyzer; 5, electron-spin 
detector with Au-AI target and two channeltrons A and B. 
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(emission cone angle II o) of a remanently magnetized 
target [Ni(I 10) picture-frame single crystal; I in Fig. 11. 
For energy analysis, an electrostatic energy analyzer is 
used (3 in Fig. 1). For an energy resolution of 300 meV, 
using a channeltron, the count rates amount to about 
10 5/s. 

For spin analysis, using a second einzellens system (4 
in Fig. I), th~ energy-analyzed electrons are accelerated 
to 150 e V and enter a precisely calibrated low-energy 
electron-spin detector which allows for a fast and 
efficient determination of the electron-spin polarization 
(ESP). In this ESP detector, the electron beam is pre
cisely focused onto a Au target ( = 2 mm in diameter) 
certifying that the measured count ratios N AIN 8 of elec
trons backscattered in two channeltrons A and B (see 
Fig. I), positioned at 135° to the incoming beam direc
tion, depend only on counting statistics. NA/N8 provides 
a direct measure of the long-ranged ESP. We refer to 
Ref. 13 for further details on this ESP detector. For 
zero-ESP calibration, the Au target is replaced by an AI 
target. 

Zero-ESP calibration can also be performed by replac
ing the ferromagnetic Ni target by a nonmagnetic sam
ple such as Cu where, as expected, over the whole inves
tigated energy range, zero ESP is detected. Zero-ESP 
values are also found when the ESP measurements are 
taken far above the Curie temperature of Ni where Ni 
exhibits a loss of long-ranged surface ferromagnetic or
der. 

A magnetizing field (along the [Ill] direction in the 
(I 10) surface plane of a Ni(IIO) picture-frame single 
crystal) is applied in the surface plane of the sample to 
magnetically saturate the specimen. With P, the ESP 
along the magnetizing field, we obtain P- (n +- n °)/ 
(n + + n - ), where n + and n - are fractional numbers of 
electrons emitted with moment parallel (majority-spin 
electrons) and antiparallel (minority-spin electrons), re
spectively, to the applied field. 

The samples are prepared and characterized in a tar
get preparation chamber at I x 10 -IO mbar as described 
in Ref. 4 and then transferred to the SPEES measure
ment chamber operating at present at a working pressure 
of 9 x 10 -Io mbar where 90% of the residual gas consists 
of hydrogen. In order to be able to show that SPEES is 
sensitive to residual surface contaminants, the cleaning 
of the Ni( 1 10) surfaces, using argon-ion sputtering, was 
terminated when a residual C and 0 surface coverage of 
a few percent was reached. 

Figures 2(a) and 2(b) show the spin P(E) and the in
tensity /(E) distribution of spin-polarized electrons emit
ted during grazing-angle (1 o) surface reflection of 25-
keV H+ ions at magnetized Ni(IIO) surfaces at 300 K 
as functions of the electron energy E. 

The distance d min of closest approach of the ions to
wards the reflecting surface is well characterized by the 
energy component E ..1. of the ions normal to the surface 
E.,~.=E 0 sin 2a=E0a 2 • With E 0 =25 keY, E.,~. amounts 
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FIG. 2. Intensity distribution /(£) (energy resolution t.E 
=0.3 eV) and electron-spin polarization P(E) (experimental 
error t.P- + 2%) of spin-polarized electrons emitted during 
grazing-angle surface reflection of (a),(b) 25-keV protons and 
(c),(d) 25-keV He+ ions at magnetized Ni(llO) as functions 
of the electron energy E. 

to 7.6 eV for a reflection angle a=l 0 • Using planar sur
face potentials for Ni(IIO) (see Fig. 9 in Ref. 4), dmin 

amounts to 0.1 nm for a = 1 o which reveals that under 
these experimental conditions the ions cannot penetrate 
the Ni(IIO) surface. 

Replacing, for surface reflection at Ni(IIO), the 25-
keV H + ions by 25-keV He+ ions, results in the /(E) 
and P(E) data given in Figs. 2(c) and 2(d). As for H +, 
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we use a -1 o to prevent penetration of the helium ions 
into deeper surface layers. We observe four low
intensity peaks Uocated at 14, 20, 36, and 56 eV; see la
bels 2, 3, 4, and 5 in Fig. 2(d)] and one high-intensity 
peak [see label 1 in Fig. 2(d)] located with a maximum 
at around 4.5 eV. 

From Figs. 2(b) and 2(d), it is obvious that /(£) is 
completely different from that of electron-induced 
secondary-electron spectra [see dashed lines 7 in Figs. 
2(b) and 2(d)J. We note that the use of large angles of 
incidence for the incoming ions, where the particles can 
deeply penetrate the surface, prevents the occurrence of 
such distinct peaks. 

From Fig. 2(b), we observe three low-intensity peaks 
[located at 2.5-3, 20, and 56 eV; see labels 1, 3, and 4 in 
Fig. 2(b)] and one high-intensity peak [see label 2 in 
Fig. 2(b)] located with a maximum at around 4.5 eV. 
By varying the primary beam energy of the H + ions be
tween 15 and 30 ke V, we observe no measurable shift in 
the energetic location of these peaks. 

This gives first evidence to exclude, for the interpreta
tion of our data, models based on kinetic electron 14 or 
convoy electron emission 15 and points towards electron 
emission in terms of various XVV Auger transitions (see 
Fig. 3). 8 We denote by X an electronic level either of 
the incoming ion or of atoms located at the surface with 
valence-band levels denoted by V. 

The corresponding spin distributions P(E) of the emit
ted electrons [see Figs. 2(a) and 2(c)] show several pro
nounced, characteristic peaks [see labels 1-4 in Fig. 2(a) 
and labels 2-5 in Fig. 2(c)]. 

In the following, we use the sign and magnitude of the 
ESP as additional "labels" to identify the underlaying 
charge-exchange processes. We further assume that 
XVV Auger peaks, where X is a level of the incoming 
ion, should undergo a shift in energy when the H + ions 
are replaced by He+ ions. XVV Auger transitions, 
where X is an empty electronic level of a surface atom, 
should not undergo such a shift. 

From theoretical Ni( 110) ground-state, one-electron 
band-structure calculations, 1 from ECS experiments, 3.4 

and from other spin-sensitive experiments at Ni(IIO) 
surfaces, 2•6•16•17 it is known that V-band electrons, origi
nating from energy levels near ( ;:$ 0.5 eV) the Fermi en
ergy, possess a predominant minority-spin orientation 
(negative ESP) of nearly - 100%, whereas V electrons 
from energy levels below this energy range overwhelm
ingly possess a majority-spin orientation (positive ESP). 
We note that from high-resolution, spin-polarized photo
emission experiments 16•17 it is found that for Ni(IIO) the 
negative ESP at photothreshold becomes already positive 
at a crossover energy of 0.32 eV which is around half of 
the value predicted by band-structure theory. 1 

This information can be profitably used to identify and 
unravel the nature of the various physical processes in
volved in the electron emission in SPEES. For instance, 
V electrons originating in k space from energy levels lo-

X 

metal ion metal ian 

FIG. 3. Auger-type, two-electron charge-transfer processes 
for a H + or He+ ion near a solid surface. Process (a): XVV 
Auger transition with X being the ground-state (Is) energy 
level of the ion. Process (b): XVV Auger transition with X be
ing an ion-induced hole of a surface atom. V denotes valence
band levels, t; the work function, and EF the Fermi energy of 
the metal. 

cated 0.5 eV or less near the Fermi level, being emitted 
without any spin-flip process involved, would contribute 
to the negative part of the P(E) curve. On the other 
hand, V electrons originating from levels located at least 
0.3-0.5 eV below the Fermi level would contribute to the 
positive part of the P(E) curve. 

Figure 3 illustrates two possible two-electron charge
exchange processes in terms of XVV Auger neutraliza
tion. Process (a): neutralization of an incoming hydro
gen or helium ion at a metal surface and emission of an 
Auger electron. Process (b): XVV Auger-electron emis
sion where X is, produced by the incoming ion, a hole ei
ther in the valence (V) bands or lower levels of the sur
face atoms. 

In a first qualitative attempt, we discuss several XVV 
Auger transitions which could occur near Ni(IIO) sur
faces and contribute to the emission of spin-polarized 
electrons in SPEES. 

Process (a): XVV Auger transition in which X is a 
level of the incoming ion. For the work function f/1 of 
Ni(IIO), we use a value of 5.04 eV (Ref. 18) and for the 
Is ground state of hydrogen a value of Ex"'"' -13.58 eV 
which gives a maximum kinetic energy of the ejected 
Auger electrons of 13.58- (2x 5.05) eV ... 3.5 eV. [Note 
that dynamic screening of the Is hole of the incoming 
proton by the electrons at the Ni(IIO) surface would de
crease the binding energy of the hydrogen Is bound state 
and consequently reduce the maximum kinetic energy of 
the ejected Auger electron to slightly lower values.] 
Qualitatively taking into account the band structure of 
Ni(IIO), P(E) should first exhibit a negative value at 
around 3 eV followed by an immediate change to posi
tive P values with decreasing electron energy. This is 
indeed observed in the experiment. Using an energy 
resolution of 0.3 eV, we observe [see peak l in Fig. 2(a)] 
a change from -13% to +2% within 0.7 eV. For com-
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parison, in spin-polarized photoemission experiments, P 
amounts to -52% (Ref. 16) or - 100% (Ref. 17) at 
photothreshold, reaches zero within 0.3 eV, and increases 
to +20% within 0.5 eV. 

Replacing the H + ions by He+ ions should cause an 
energetic shift of this peak [peak I in Fig. 2(b)] by II 
eV which is the difference between the He+(Is) (Ex 
=-24.6 eV.) 8 and H+(Is) ground-state energies. This 
is indeed observed in the experiment [peak 2 in Fig. 
2(d)] and further corroborated by the occurrence of a 
change of P from negative (- 5%) to positive values 
(+5%) [see peak 2 in Fig. 2(c)] as discussed before for 
the H+ data. 

We note that the electron peak located at around 36 
eV [see peak 4 in Fig. 2(c)] was already observed by 
Hagstrum and Becker 8 and quite recently by Niehaus 
and co-workers 19 and was interpreted by the latter group 
as a two-electron-capture process from He++ -Cu (110) 
collisions leading to He** (2p 2) decaying to He+ Os) 
followed by the emission of an electron of 36-eV kinetic 
energy. We remark that in the present experiments are
sidual part of the ionic He beam consists of He++ ions. 

Process (b): XVV Auger transitions in which, induced 
by the incoming ion, X is a spin-polarized hole in the 
valence or lower electronic levels of the surface Ni or im
purity atoms. Comparing Figs. 2(b) and 2(d), we ob
serve that the three peaks located at around 4.5, 20, and 
56 eV [see peaks 2, 3, and 4 in Fig. 2(b) and peaks 1, 3, 
and 5 in Fig. 2 (d)] are independent of the ion species 
used in the experiments and are not shifted to higher en
ergies by the use of He+ ions instead of H + ions. 
Therefore, we attribute these peaks to Auger transitions 
where the ions are solely used to produce ion-induced 
holes in the electron shells of the surface atoms. 

Comparing our data with presently existing Auger
electron data for Ni and with data obtained by Landolt, 
Allenspach, and Mauri 7 using spin-polarized Auger
electron spectroscopy at Ni(100) surfaces, we identify 
the peak located at 56 eV [see peak 4 in Fig. 2(b) and 
peak 5 in Fig. 2(d)] with a M23VV (M23M4sM4s) Ni 
Auger decay. We note that, after background subtrac
tion, these authors find similar P values for this peak. 

Regarding the peak [see label 3 in Figs. 2(b) and 
2(d)] located at around 20 eV, we remark that the inten
sity of this peak depends strongly on surface cleanness, 
and, therefore, can be attributed to Auger decays where 
X is, induced by the incoming ions, a hole level in the 
surface contaminants. 

Because of the similarities of the electron spectra [see 
peak 2 in Fig. 2(b) and peak l in Fig. 2(d)] at around 
4.5 e V, induced by H + and He+, it is tempting to corre
late this feature with the substrate. A possible mecha
nism could be an ion-induced, kinematically enhanced 
XVV Ni Auger decay with X the level in the lower part 
of the valence band. Because of the differences in the 
polarization (P=l8% vs P-4% at 4.5 eV) such a clas-
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sification is, however, not as clear as for the M 23M 45M 4S 
Ni peak. The similarity of this peak with the sec
ondary-electron cascade generated by sputtering 12 sug
gests this mechanism as a possible origin of the peak. 

In conclusion, we note that, provided the future availa
bility of a quantitative theory of SPEES and more re
fined experimental data, SPEES will not only advance 
towards an experimental technique of great potential for 
studies on the spin-polarized, local electronic structure of 
the topmost surface layer, it also can provide very stimu
lating and detailed data on the particle-solid-interaction 
mechanism. 
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