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Layer-dependent magnetic properties at Fe surfaces using 
spin-polarized electron emission spectroscopy (SPEES) 
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We have studied the angle-resolved energy distribution of spin-polarized electrons emitted during ion-surface scattering. 
At clean Fe surfaces, electron spin polarization values (ESP) of up to 48% are found. Varying the scattering angle of the 
ions from 1 ° to 45 °, we find that the layer-dependent, average ESP at the topmost surface layer is enhanced by 32% 
compared to that of the bulk and that the mean free path of electrons with energy 4-10 eV is about 3 atomic distances. The 
absence of a magnetically dead layer at Fe surfaces covered with one monolayer of O is revealed by the existence of a 
nonzero surface ESP. 

The layer-dependent two-dimensional ferro- 
magnetic properties of the 3d-transit ion metals 
continue to attract wide scientific attention. 
Strongly enhanced surface magnetic moments 
were predicted for a series of transition metal 
overlayers, interfaces and superlattices [1,2]. Fur- 
thermore, questions about the origin of interface 
magnetism, coupling through nonmagnetic and 
magnetic interlayers and magnetic exchange cou- 
pling between magnetic layers fascinate many sci- 
entists [3,4]. This arises from the fact that these 
systems are of pivotal interest both for fundamen- 
tal studies and for technological applications. 

Grazing-angle ion-surface interaction provides 
a powerful means to study surface magnetic, elec- 
tronic and chemical properties of magnetic sys- 
tems [5,6]. 

Recently, we reported on experimental data 
using spin-polarized, angle-resolved electron 
emission spectroscopy (SPEES) during reflection 
of H +, He + and Ne + ions at various magnetic 
and nonmagnetic surfaces [6,7]. Investigating the 
electron spin polarization (ESP) P of electrons 
emitted from Ni(110) during grazing-angle sur- 
face reflection of H + and He + ions, we find that 
the angle-resolved energy distribution (ARED) of 
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the emitted electrons is significantly different 
(absence of secondary electron cascades) from 
that of electron-induced secondary electron emis- 
sion spectra. It shows a series of characteristic 
peaks which can be linked, either to various elec- 
tronic processes where spin-split, local surface 
electronic states of Ni(l l0)  and electronic states 
of the reflecting particles are involved, or to 
spin-polarized, element-specific Auger electron 
transitions occurring after ion-induced core elec- 
tron excitation. 

In this paper, using SPEES at clean and O- 
covered Fe surfaces, we report on the layer-de- 
pendence of magnetic properties. At grazing an- 
gles of incidence, ions cannot penetrate a flat 
surface, they are specularly reflected and, there- 
fore, probe the physical properties of the topmost  
surface layer. Increasing the angle of incidence a, 
ions can penetrate the surface. Therefore, chang- 
ing a from 1 ° up to 45 ° enables us to vary the 
probing depth of the incident ions from the top- 
most surface layer to deeper layers. It further 
allows us to link SPEES data to electron- or 
ion-induced electron spectra which are predomi- 
nantly recorded for a = 45 ° [8-10]. For a = 45 °, 
our spectra exhibit the well-known, low-energy 
cascade maximum at 2 eV and a peak at around 
45 eV due to the emission of spin-polarized, 
element-specific Auger MVV electrons [11,6] with 
an average ESP of 30% which is close to the bulk 
magnetization of Fe (28%). 
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Varying a from 1 ° to 45 ° and using the ESP of 
electrons emitted at high energies ( = 10 eV above 
the vacuum level) as a measure of the average net 
magnetization, we find that at clean Fe surfaces 
the surface magnetization (33%) is enhanced by 
approximately 32% compared to the bulk value 
(25%). For low-energy ( - 4  eV) electrons, we 
find ESP values of up to 48% which can be linked 
to Stoner excitations. For electrons emitted from 
the topmost layer of Fe surfaces covered with one 
monolayer of O, we find nonzero ESP values, 
which indicates the absence of a magnetically 
dead surface layer. 

Experimental details are reported elsewhere 
[12,6]. For the SPEES experiments presented 
here, surface scattering of 25 keV Ne + ions is 
used to study the emission of spin-polarized elec- 
trons occurring during particle-surface interac- 
tion. We note that P > 0 is related to a predomi- 
nance of majority-spin electrons (ESP parallel to 
the target magnetization), and P < 0 refers to a 
predominance of minority-spin electrons (ESP 
antiparallel to the target magnetization) [4]. The 
ESP is measured at 2 × 10-~° mbar. 

Fig. 1 gives for a = 1 ° the A R E D  and the ESP 
as function of the energy E (above the vacuum 
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Fig. 1. ARED and ESP as function of the energy E of 
electrons emitted from clean (solid line) and O-covered 

(dashed line) Fe surfaces for 25 keV Ne-- ions and a = 1 °. 

level) of electrons emitted from clean (solid line) 
and O-covered (dashed line) Fe surfaces. For 
clean Fe, the A R E D  of the emitted electrons 
peaks at around 4 eV. At O-covered Fe, we find 
a strong increase in the intensity of emitted elec- 
trons compared to that of clean Fe. 

As regards the ESP of electrons excited at the 
topmost surface layer of clean Fe, we observe an 
increase of the average ESP from P = (33 + 2)% 
for E = 1 0  eV to P = ( 4 8 + 2 ) %  for E = 4  eV. 
These values are far above the average bulk mag- 
netization value of Fe which amounts to 28%. 
For Fe surfaces with one monolayer of O, the 
average ESP of electrons with E = 10 eV remains 
nearly unchanged ((32 + 2)%), whereas for elec- 
trons with E = 4 eV, the ESP changes from (48 + 
2) to - ( 1 4  + 2)% eV indicating the absence of a 
magnetically dead surface layer. 

We note that the distance of closest approach 
of the ions towards the Fe surface is character- 
ized by the energy component E± = E 0 sin2a = 
Eo a2 = 8.2 eV for a = 1 °. Using appropriate sur- 
face potentials [4], it can be shown that the Ne ÷ 
ions are specularly reflected and do not penetrate 
the Fe surfaces. 

At present, it is of considerable interest 
whether the measured ESP of the emitted elec- 
trons reflects the layer-dependent net magnetiza- 
tion of a material. From ion- [10,13,14,6] and 
electron-induced electron spectra [9], there is evi- 
dence that the ESP of electrons emitted at high 
energies ( -  10 eV above the vacuum level) scales 
roughly with the average net magnetization. 

For a = 8 °, E±  amounts to 32.8 eV where the 
ions can penetrate the topmost surface layer and 
are capable of exciting electrons from the second 
layer. The shape of the A R E D  of the emitted 
electrons is similar to that of fig. 1 with the peak 
maximum shifted to 5 eV. As regards the ESP of 
the electrons emitted from clean Fe, we observe 
an increase of the average ESP from P = 29% for 
E = 1 0  eV to P = 5 0 %  for E = 4  eV. For the 
O-covered Fe surface, the average ESP of elec- 
trons with E = 10 eV remains unchanged ((32 _+ 
2)%), whereas for electrons with E = 4 eV, the 
ESP changes from (50 +_ 2)% to (14 +_ 2)% eV. 

In the following, we discuss our experimental 
data obtained for a = 1 ° and 8 ° in connection 
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Fig. 2. A R E D  and ESP as function of the energy E of 
electrons emit ted f rom clean (solid line) and O-covered 

(dashed line) Fe surfaces for 25 keV Ne - ions and a = 45 °. 

with our SPEES data using a = 45 ° where bulk 
layers are probed. 

Fig. 2 gives for a = 45 ° the A R E D  and the 
ESP of electrons emitted from clean (solid line) 
and O-covered (dashed line) Fe surfaces. For 
a = 45 °, E ±  amounts to 12.5 keV where the ions 
can deeply penetra te  into the solid and are capa- 
ble of exciting electrons from bulk layers. The 
A R E D  of clean and O-covered Fe surfaces is 
similar to that obtained in electron-induced sec- 
ondary electron emission experiments [8-10] and 
peaks at 2 eV. For O-covered Fe surfaces, we 
observe again a strong increase in the intensity of 
the emitted electrons. We note that for electrons 
excited in bulk layers, electron cascading and 
multiple scattering are the dominant processes 
occurring during electron transport  to the surface 
which cause the well-known 2 eV peak in elec- 
tron- or ion-induced electron spectra. This is 
consistent with our data for a = 1 ° and a = 8 ° 
where the A R E D  of the emitted electrons peaks 
at higher energies (around 4 -5  eV) showing that 
electron cascading and multiple scattering pro- 
cesses are predominantly negligible. 

As regards the ESP of the emitted electrons, 
we observe an increase of the average ESP from 

P = ( 2 5 + 2 ) %  for E = 1 0  eV to P = ( 4 5 _ + 2 ) %  
for E = 4 eV. For the O-covered Fe surface, the 
average ESP of electrons with E = 10 eV remains 
unchanged ((25 _+ 2)%), whereas for electrons 
with E = 4 eV, the ESP changes from (25 _+ 2) to 
(15 + 2)% eV. 

Changing a from 45 ° to 1 ° which corresponds 
to a reduction in the probing depth from deep 
lying layers, where bulk physical properties are 
probed, to the topmost  surface layer, we find an 
increase in the ESP of "high-energy" electrons 
from 25 to 33%. This would imply that for poly- 
crystalline Fe surfaces, the net magnetization in- 
creases in going from the bulk to the surface. 
Assuming that the ESP of electrons emitted at 
high energies ( =  10 eV) scales roughly with the 
average net magnetization, it is tempting to corre- 
late this surface enhancement  of the ESP, which 
amounts to approximately 32%, to the influence 
of theoretically predicted magnetic surface states 
which cause enhancements  of the magnetization 
of 32% and 20% for Fe(100) and Fe ( l l0 )  surfaces 
[1,2]. 

From our data, it is obvious that the ESP of 
electrons emitted from clean Fe surfaces in- 
creases with decreasing electron energy from the 
high-energy region ( =  10 eV) to the low-energy 
(--  3 - 4  eV) part  of the ARED.  For a = 1 °, the 
average ESP increases from 33 to 48% which 
amounts to a 45% enhancement,  for a = 8 °, the 
average ESP increases from 29 to 50% which 
amounts to an enhancement  of the ESP of 
70%, and for a = 45 °, the average ESP increases 
from 25 to 45% which amounts to an enhance- 
ment  of the ESP of = 80%. 

We believe that these enhancements of the 
ESP are not only due to the spin dependence of 
the electron mean free path [15] which is caused 
by an excess of unfilled minority-spin d states 
over unfilled majority-spin d states in which ex- 
cited spin-polarized electrons can be scattered 
during transport  to the surface. Assuming that 
electron transport  processes are less important 
for electrons excited at the surface layer than for 
electrons excited at subsurface and deeper  layers, 
we correlate the enhancement  (45%) of the ESP 
for a = 1 ° to Stoner excitations across the ferro- 
magnetic exchange gap which occur during in- 
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elastic exchange scattering of minor i ty-spin  elec- 
trons. We note  that  the role of Stoner  excitations 
was successfully discussed in the l i tera ture  to 
explain electron-  and  ion- induced  secondary elec- 
t ron spectra [9,10,16]. For  a = 8 ° and  45 °, we find 
ESP e n h a n c e m e n t s  of 70 and  80%, which can be 
explained by taking in addi t ion  into account  the 
spin d e p e n d e n c e  of the e lectron m e a n  free pa th  
and  assuming that  the m e a n  free path is approxi- 
mately 3 atomic distances. 

At  present ,  due to the use of polycrystall ine 
surfaces in our  first SPEES exper iments  with Fe, 
we refrain ourselves from discussing the fine 
s t ructure  of our  ESP spectra, which can be asso- 
ciated with details of the spin-polarized,  k-depen-  

dent  band  s t ructure  above the vacuum level [17]. 
Finally,  we discuss the behavior  of the ESP of 

e lectrons emit ted  from O-covered Fe surfaces 
(see also figs. 1 and  2). For  high-energy electrons,  
the ESP amount s  to 32% and  remains  unchanged  
for a = 8 ° and reduces  to 25% for a = 45 ° . For  
low-energy electrons,  the ESP decreases from 
48%, ob ta ined  at the clean Fe surface for a = 1 °, 
to approximately - 1 4 %  for a = 1 °, 14% for a = 
8 ° and  15% for a = 45 °. These  f indings clearly 
reveal the absence of a magnet ical ly  dead  layer at 
the surface and suggests the existence of spin-spli t  
e lectronic bands  in the occupied and  unoccup ied  
parts  of the b a n d  s t ructure  of O-covered Fe sur- 

faces [11,18,19]. 
In  conclusion,  we state that  the exper iments  

p resen ted  here give clear evidence that  SPEES is 
a powerful  technique  to study layer-dependent 

magnet ic  propert ies .  Provided that  a ref ined the- 
ory of SPEES is available, the analysis of A R E D  
and  especially ESP spectra from angle-resolved 
SPEES exper iments  can give more  detai led infor- 
mat ion  about  the l ayer -dependence  of magnet ic  
proper t ies  of c lean and  O-covered surfaces and  
also impor tan t  and fundamen ta l  in format ion  
about  e lec t ron excitat ion processes at magnet ic  
surfaces. 
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