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Fundamental information on surface magnetic order @MO) of ferromagnetic metals can be obtained from electron-capture, 

photoemission, fieldemission, spin-dependent tunneling and spin-polarized LEED experiments. The different techniques, new 
experimental advances and developments are discussed with particular emphasis given to electron-capture spectroscopy. This 

review will focus on new experimental and theoretical results (long-range and “local” SMO of ferro- and antiferromagnetic 

metals, surface states, SMO of thin films, new magnetic surface phases, magnetic surface recontruction, chemisorption) 
obtained in the years past which have brought outstanding progress towards a deeper comprehension of the physics of 

ferromagnetism and towards the unravelling of the physical processes inherently involved in the various methods for spin 

spectroscopy. Recent data on the SMO received from experiments performed at surfaces of single crystals of 3d-TM and 4f-RE 
metals reveal new scientific insights and perspectives for the theoretical analysis of experimental results within the framework 
of the currently refined knowledge about ferromagnetism. 
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1. Introduction 

1.1. Introductory remarks on surface magnetism and 
outline of the review 

Ferromagnetism has posed a fascinating chal- 
lenge both to experimental and theoretical physi- 
cists for many decades. There is now an increasing 
interest in a deeper comprehension of ferromag- 
netism because of its pivotal importance in con- 
nection with surfaces. Ferromagnetic materials 
such as Fe, Co and Ni are widely used as commer- 
cial catalysts (cf. Fischer-Tropsch-processes, such 
as coal gasification and ethylene hydrogenelysis). 
The high, specific catalytic activity of these metals 
deteriorates by orders of magnitude due to changes 
in the magnetic structure caused by undesired 
surface reactions occurring at the topmost atomic 
layer alone. The investigation of the magnetic 
structure of surfaces of those materials is therefore 

a prerequisite for a fundamental theoretical under- 

standing of catalytical processes. Is the topmost 
atomic layer of a ferromagnetic material ferro- or 
paramagnetic? Questions of this kind have been 
discussed vehemently for many years. In diverse 
theoretical publications [l-3] it is shown that the 
magnetic structure of surfaces depends not only 
on the assumptions about the surface (lattice- 
structure, -relaxation and -reconstruction) but also 
drastically on the models of magnetism applied 
(i.e. molecular-field approximation, spin-wave ap- 
proximation, etc.). Theoretical studies are primar- 
ily carried out for simple ordered structures, such 
as single crystalline surfaces. Therefore it is highly 

desirable to perform experiments also at well-de- 
fined and atomically clean surfaces of single 
crystals under ultra-high vacuum conditions. In 

general, bulk electronic properties of crystalline 
solids, which can be described by band-structure 

calculations, exhibit a crystallographic dependence 
caused by symmetry effects. For that reason surface 
electronic properties, likewise, exhibit a crystallo- 
graphic dependence which, in principle, can be 
investigated by measurements using surfaces of 
single crystals. 

For the analysis of surfaces of magnetic single 
crystals there is not only interest in data on the 
electronic densities of states as they are investi- 
gated, e.g., with conventional photoelectron spec- 
troscopy, there is, in addition, to be added the sign 
and magnitude of the electron spin polarization 
(ESP) as a significant parameter for the characteri- 

zation of the surface magnetic order (SMO) of 
ferromagnetic metals [4]. Information on SMO of 
ferromagnetic metals can be obtained from elec- 
tron-capture, photoemission, fieldemission, spin- 
dependent tunneling and spin-polarized LEED ex- 
periments. We report on the various types of spec- 
troscopies, new experimental advances and devel- 
opments with particular emphasis given to elec- 
tron-capture spectroscopy. 

This review will focus on new experimental and 
theoretical results obtained in the past years which 
have brought outstanding progress towards a de- 
eper comprehension of the physics of ferromag- 
netism, and towards the unravelling of the physi- 
cal processes inherently involved in the various 
methods for spin spectroscopy. 
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In section 2 we present the physical basis and 
experimental technique of electron-capture spec- 
troscopy (ECS). In section 3 we report on funda- 
mental investigations with ECS on the ESP at 
single-crystalline surfaces of ferromagnetic and an- 
tiferromagnetic materials. 

With ECS the SMO of atomically flat and clean 
surfaces of single crystals is investigated for the 
first time. Thereby new and surprising results were 
obtained which have highlighted the importance of 
single crystal measurements. Further ESP sensitive 
methods, recent experimental results, advances and 
developments are reviewed in section 4. In section 
5 a summary is given, including promising areas of 
application for future progress of research in this 
vastly expanding field of surface physics. 

1.2. Purpose of the review 

In the past decade there has been an increasing 
scientific interest and activity in fundamental stud- 
ies of the surfaces of magnetic metals. Several 
experimental techniques for magnetic surface anal- 
ysis have been devised within this time. In several 
comprehensive reviews [5-91 various methods sen- 
sitive to ESP, experimental results, analyses and 
interpretations prior to the year 1976 were dis- 
cussed. Further, in 1978, a detailed review [lo] 
from a theoretical point of view, of the theoretical 
and experimental analyses of ESP in ferromag- 
netic metals was published. In this work new theo- 
retical results for the interpretation of ESP data 
from fieldemission, photoemission and spin-de- 
pendent tunneling experiments were presented. 
Reviews of spin-polarized LEED from surfaces, 
including surfaces of ferromagnetic metals, have 
recently been published [ 11,121. 

The aim of this review is not to give an ex- 
tended description of the different ESP methods. 
For that purpose we refer the reader to the above 
mentioned reviews and original articles. We will 
limit ourselves to report on the various techniques 
- except ECS - insofar as necessary to compre- 
hend the principle of each method by a wider 
community of readers. 

We report on recent methodological and tech- 
nological advances and developments as they re- 
late to fundamental results which have brought 

new scientific perspectives in both the field of 
surface physics and of magnetism. 

2. Physical basis and experimental technique of 
electron-capture spectroscopy (ECS) 

2.1. Introduction 

ECS is a novel method to investigate ESP (sec- 
tion 2.3.1) at surfaces of magnetic single crystals 
under UHV conditions. The basic process of this 
method of spin spectroscopy is the capture of one 
or two spin-polarized electrons during small angle 
reflection of fast deuterons at single crystalline 
surfaces of magnetic crystals. 

Fig. 1 illustrates an ion trajectory during reflec- 
tion. For a reflection angle of 0.2” the ions interact 
approximately with a few hundred surface atoms. 
The minimum distance of the ions from the surface 
during the grazing angle reflection amounts to 0.2 
nm (section 2.4), denoting that the ions interact in 
real space only with the exponential tail of the 
electronic wave functions at the surface. This fact 
determines the extreme surface sensitivity of ECS. 
The principle of the ECS experiment is shown in 
fig. 2. 

2.1.1. Detection of ESP using one-electron capture 

(OEC) processes (D+ + e - = Do) 
A well collimated deuteron beam (half angle of 

divergence < 0.025’) of 150 keV deuterons is re- 
flected and thereby partially neutralized at a 
(hkl)-surface of a ferro- or antiferromagnetic single 
crystal magnetized to saturation parallel to the 
surface plane. After reflection the beam passes 

0+ oOo+ o- , , 

Fig. 1. Scheme of the ion trajectory for a reflection angle of 
0.2O and surface potential pIotted on a plane perpendicular to 
the reflecting surface. 
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Fig. 2. Experimental arrangement: (l)-(7) ion beam collimat- 

ing slits; (8) ferromagnetic target (12X 8 X 1.5 mm3), mag- 

netized perpendicular to the incoming beam direction; (9) 

electrostatic condenser; (10) weak magnetic field (0.8 mT), 

parallel to the target magnetizing field used as quantization axis 

(+ z direction) in OEC experiments; (11) T-Ti-target; (12.13) 

Si surface-barrier solid-state detectors; (14,15) Faraday cups. 

through an electric field to extract positive and 
negative charged ions. Therefore only neutralized 
particles impinge on a T-target (11 in fig. 2) and 
provide 4He-particles via the T(d, n)4He-reaction. 
During an adiabatic transition from the high mag- 
netic field region at the magnetic surface into a 
weak magnetic guiding field, part of the ESP in 
the electron shell of the neutralized atoms is con- 
verted into a nuclear polarization by hyperfine 
interaction. The nuclear polarization so achieved is 
determined via the T-reaction using the 4He-count 
ratio r = NJN, in two %-solid state detectors (12, 
13 in fig. 2) and serves as a measure of the ESP 
(section 2.3) due to long-range SMO. 

2.1.2. Detection of ESP using two-electron capture 
(TEC) processes (D + + 2e - = D - ) 

A well collimated beam of 100 keV deuterons is 
reflected at a demagnetized surface of a ferromag- 
netic single crystal. After reflection the beam passes 
through an electric field to split spatially the single 
charged positive and negative ions. The D- and 
the D+ ion currents are then simultaneously de- 
tected using two Faraday cups (14, 15 in fig. 2). 

In section 2.4 we show that the charge state 
ratio R = D-/D+ ( = D- -fraction of the reflected 
beam/D+ -fraction of the reflected beam) is sensi- 
tive to the ESP due to “local” SMO existing on an 
atomic scale. 

2.2. Experimental developments 

Essential points during the exploration and ex- 
perimental development of this method were the 

design of a novel apparatus for surface reflection 
experiments (section 2.2.1) using ions as an atomic 
probe of the magnetic state of a surface and the 
planning of sensitive ESP-detectors (sections 2.3 
and 2.4). 

Further crucial points were the development of 
a technology to produce atomically clean and flat 
single-crystalline surfaces and the selection of 
methods suitable to analyze the chemical and geo- 
metrical structure of the topmost atomic layer of a 
surface (section 2.6). 

First ECS results (131 revealed that the ESP 
depends on the respective orientation and on the 
cleanness of the surfaces showing that studies at 
well-defined (oriented, clean and flat) surfaces are 
a prerequisite for ESP studies. To achieve an ex- 
tensive comprehension of surface magnetism it is 
necessary not only to investigate the ESP at 
surfaces of various magnetic materials but also to 
answer further fundamental questions (table 1) in 
surface magnetism, a fact which was a contribu- 
tory determinant to the realization of the ECS 
apparatus. 

2.2.1. Apparatus for ECS 
Fig. 3 gives a schematic diagram of the appara- 

tus used to study ESP at surfaces. It consists of a 
measuring chamber, a detection chamber for ESP, 

Table 1 

Particular questions connected with surface magnetism 

Dependence of the a) Sensitive test to check 

ESP on temperature T the applicability of dif- 

ferent models for surface 

magnetism 

b) Check of models on the pos- 

sible existence of ferro- 

magnetic order beyond the 

bulk Curie temperature 7& 

Influence of adsorbed The introduction of localized 

impurity atoms on the states at clean surfaces 

ESP at surfaces allows to check models on 
chemisorption 

ESP at surfaces of olig- 

atomic epitaxial layers 
Check of theoretical models 
on the possible existence 
of so-called “intrinsic 

magnetic dead layers” 
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Fig. 3. Schematic diagram of the ECS apparatus: (1) chamber for detection of deuterium nuclear spin polarization; (2) slit; (3) 
deflector plates; (4) gate valve; (5) movable quartz screen and Faraday cup; (6) quadrupole mass analyzer; (7) movable slit; (8) 

bending magnet; (9) 25 I/s ion getter pump; (10) 150 l/s ion getter pump and liquid nitrogen cooled titanium sublimation pump; (I 1) 

target chamber with 400 l/s ion getter pump; 400 l/s turbo-molecular pump and 40000 l/s liquid nitrogen cooled titanium 

sublimation pump; (12) retractable Auger cylindrical mirror analyzer; (13) target manipulator with magnetizing coil, pole pieces and 

heating/cooling device; (14) window; (15) electron beam evaporation source; (16) target holder with heating device; (17) sputter ion 

gun; (18) chamber for target preparation with 400 l/s turbo-molecular pump and 10000 I/s liquid nitrogen cooled titanium 

sublimation pump; (19) linear and rotary drive; (20) retractable LEED/Auger 4-grid analyzer; (21) movable Faraday cups; (22) 

Si-surface barrier solid state detectors; (23) titanium-tritium target. 

a chamber for specimen preparation and of a 
beam line and collimation system simultaneously 
used as pressure reducing system. This allows the 
ECS apparatus to be connected to an ion-beam 
accelerator operating at 10e7 mbar. Further de- 
tails of the apparatus are given in the legend of 
fig. 3. 

We present some important features and prop- 
erties of the ECS apparatus: 

1. The ESP measurements are performed in the 
target chamber (11) operating at a base pressure of 
10-l ’ mbar, into which the specimens are trans- 
ported in situ from the preparation chamber (18). 
C and 0 partial pressures are in the low lo-l2 
mbar region. 

2. The ECS apparatus makes it possible to 
investigate the dependence of the ESP on tempera- 
ture and on the magnetizing field. 

3. The reflection angle is variable within an 
accuracy of 0.001’. 

4. The ion beam collimating slits (2) are mova- 
ble in two directions perpendicular to the incom- 

ing beam direction with an accuracy of 5 pm. 
5. The angular acceptance of the ESP detectors 

(21,23) amounts to 0.05”. 
6. The chemical and geometrical characteriza- 

tion of surfaces can be performed in situ with 
LEED and AES measurements (12, 20). 

7. Oligatomic epitaxial magnetic layers can be 
produced at lo-” mbar in a preparation chamber 
(18) by electron beam evaporation from cooled 
substrate materials. 

8. Intensity and energy distributions, as well as 
neutralization probabilities of reflected ions, can 
be measured with an angular resolution of O.OOl”, 
and with an energy resolution of 4 keV. 

9. A well collimated (half angle of divergence 
< 0.025”) energetic deuteron beam of high current 
density (10 pA/mm2) helps to maintain clean 
surfaces over a long period of time (beam cleaning 
effect). 

2.2.2. Atomically clean and flat surfaces of single 
crystals 

The main emphasis for exploring surface pre- 
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paration techniques was concentrated on the pro- 
duction of single crystalline surfaces. Using poly- 
crystalline surfaces for the measurement - even if 
the different surface orientations are present in 
statistical distribution - significant (hkZ)-depen- 
dent information may be lost. The measurement 
then yields an average value for the ESP which 
makes the comparison with theoretical calculations 
of the ESP more difficult. 

In theoretical investigations on the electronic 
states at surfaces primarily simple structures are 
investigated, e.g. atomically flat and infinite ex- 
tended surfaces of single crystals. This extreme 
requirement naturally cannot be realized experi- 
mentally. 

For ECS this requirement reduces to the condi- 
tion that the regions of atomic flatness at the 
surface must be much larger than the lateral length 
of interaction (section 2.5) of the ion beam with 
the surface atoms. For a reflection angle of 0.2” 
the maximum interaction length amounts to a few 
hundred atomic distances requiring surface orien- 
tations better than 0.05”. Surfaces utilized for ECS 
experiments are prepared with an orientation bet- 
ter than 0.01’ which is controlled using a precision 
X-ray spectrometer. 

To characterize the flatness of a surface the 
“ion reflectivity” Z (reflected ion beam intensity 
per solid angle/incoming ion beam intensity per 
solid angle) of a surface for 150 keV D+ -ions is 
measured at a reflection angle of 0.2”. For the 
specimens used for ESP measurements Z is always 
larger than 90%. Note that the interaction of the 
ion beam with the surface entails a surface flatten- 
ing effect which increases I, too. 

The pretreatment of all crystals consists of a 
mechanical polishing [ 14- 161 of well-oriented 
surfaces with diamond powder down to a grain 
size of 0.1 pm. The further treatment of the surfaces 
consists of a 5 h thermal annealing near the melt- 
ing point of the material in hydrogen atmosphere. 
This treatment yields an additional flattening ef- 
fect (thermal surface smoothing). This procedure 
(mechanical polishing/thermal annealing), which 
is also necessary for the crystal support used for 
thermal annealing, is repeated several times. In 
each cycle segregations of impurity atoms which, 
according to the high mobility of impurities at 

high temperatures diffuse out of the bulk to the 
surface, are eliminated. For the characterization of 
magnetic single crystalline surfaces we utilize low- 
energy electron diffraction (LEED) (geometrical 
arrangement of surface atoms; see section 2.7), 
Auger-electron spectroscopy (AES) (chemical 
identity of surface atoms; see section 2.7), Z 
(surface flatness; see also section 2.5) and ESP 
(magnetic order at the topmost atomic layer) mea- 
surements. 

2.3. Detection of electron spin polarization ESP 
using one-electron capture (OEC) 

The principle of the ECS method using OEC 
for the detection of ESP is simple: During reflec- 
tion of 150 keV deuterons at surfaces of mag- 
netized ferromagnetic materials, spin-polarized 
electrons are captured. The atomic part (DO-atoms) 
of the reflected beam then consists of DO-atoms 
polarized in electron spin. After reflection the 
beam then moves from the high magnetic field 
region proceeding along the whole target surface 
adiabatically into a weak magnetic guiding field 
(10 in fig. 2) where by hyperfine interaction a 
nuclear spin polarization in the DO-atoms is 
achieved serving as a measure of the original ESP 
of the captured electrons. 

In the following we give a brief description of 
the polarization of spin l/2 and spin 1 particles 
and report on some properties of the DO-atom 
which are important for the comprehension of this 
ESP-detector. 

2.3.1. Formal description of electron spin polariza- 
tion and deuterium nuclear spin polarization 

Electron spin polarization. The spin polarization 
of electrons can be described by a polarization 
vector 

using the expectation values of the well known 
Pauli spin matrices a,, a,, and a, (171. (For spin l/2 
particles it is conventional to use the Pauli spin 
matrices a, (a, = (2/h&) instead of spin operators 
S = (S,, S,, S,).) 
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In the experiment only the component of p 
along the direction of the macroscopic magnetiza- 
tion (parallel to the +z-axis; see fig. 2) is of 
importance (note that for electrons the spin mo- 
ment is antiparallel to the magnetic moment). The 
degree P of the ESP along this axis is then 

P = P, = (6,) 

=(n+-n-)/(n++n-) 
+ - =n -n 

=2n+- 1, (2) 

with -1sP1 +l and using n’+n-=l. n- 
and n+ represent the fractional expectation values 
for the occupation densities in an ensemble of 
electrons with spin moment parallel (m, = + l/2) 
and antiparallel (m, = - l/2), respectively to the 
+z-axis (see fig. 4). 

P is a measure of the relative occupation densi- 
ties for the two possible spin states of a spin l/2 
particle. The extreme values - 1 and + 1 corre- 
spond to an ensemble of electrons completey 
polarized parallel and antiparallel, respectively, to 
the +z-axis. 

A target magnetizing field is applied to align 

+.?-OXiS 

5 = I/Z 

I I-I- Im, = + l/21 

1 

n+ Ims = -l/Z) 

P = In+-n-l/ln++n-l 

B=O BtO spin mgn. 
momenl 

Fig. 4. Definition of ESP in solid state physics (upper part) and 
in atomic physics (lower part). B is the external magnetic field 
applied along the + z-axis (quantization axis). 

randomly oriented Weiss domains thereby produc- 
ing a macroscopic magnetization (long-range fer- 
romagnetic order) which defines a preferred direc- 
tion in space along which sign and magnitude of P 
can be measured. 

Deuterium nuclear spin’ polarization The nuclear 
spin I of the deuterium atom is 1. The polarization 
of an ensemble of spin 1 particels can be described 
completely by its vector polarization p and its 
Cartesic tensor polarization ej which are com- 
monly expressed by the expectation values of the 
Cartesian spin operators Sij 181 are X 3) 
matrices: 

p = (l/fQRKJY &), (X>>, (3) 

ej = (3/2ft2){(SiSj) + (qSi) - Sij}. (4) 

In the following we use a set of axes where the 
z-axis is used as quantization axis, a standard 
convention in nuclear physics since 1970 [ 191. 

Fig. 5 gives a schematic representation of the 3 
possible hyperfine substates md = + 1, 0, - 1 with 
their fractional populations N, ,, &, N_ ,. By 
analogy with the vector polarization P of spin l/2 

+z- axis 

I= 1 

N+l (ml =+l/ 

I 

N, ImI =01 

N_, /ml = -1) 

P = N+, - N_, 

pzz= 1 - 3No 

N +, + No + N_l = 1 

Fig. 5. Definition of deuterium nuclear spin polarization. The 
magnetic field direction is chosen along the + z-axis. (Note 
that for deuterons the magnetic moment is parallel to the spin 
moment.) 
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particles we then get for P: 

P, = N+, -N_,andP,,=P,=O, (5) 

with N,, + N,+ N_, = 1. From eq. (5) we see 
that P, depends only on N, , and N_ ,. The md = 0 
projection does not contribute to the vector polari- 
zation, but contributes to the Cartesic components 
of the tensor polarization Pij (eq. (4)): 

P,,=l-3N,=3(N+,-N-,)-2, 

P xx = Py, = (1/2)(3N, - l), (6) 

Pxu = P,, = PYZ = 0. 

According to its definition the extreme values of 
P,, are - 2 and + 1. The tensor component P,, of 
a deuteron beam can be determined by measuring 
the angular distribution of 4He-particles emitted 
in the T(d, n)4He-reaction (section 2.3.4). 

In the next section we show under which ex- 
perimental conditions P,, is simply related to the 
ESP in the electron shell of DO-atoms. 

2.3.2. To the physics of the DO-atom: Production of 
deuterium nuclear polarization by ESP in the Do 
electron shell 

Fig. 6 gives the energy-level diagram for ground 

+ 1 + l/2 
0 + l/2 

- 1 + l/2 

i Back- Goudsmit 

i 
region mI mJ 

Fig. 6. Energy level diagram of the deuterium atom in an 
external normalized magnetic field x = B/B,, [20-221. The 
energy is measured in units of AE = h X 327.4 MHz = 1.4X low6 

eV and the magnetic field is measured in units of B,, = AE/(g, 

- g,)p,. For ground state deuterium B,, amounts to 11.7 mT. 

(deuteron: g, = -0.47 X 10T3; electron: g, = 2.002; pa = 

-9.27x 1O-24 J/T). 

state (‘S,,Z) atomic deuterium (I- 1, J = l/2) in 
a magnetic field [20-221. The quantum numbers 

md =ml =+1, 0, -1 and m, = mJ = + l/2, 
- l/2 of each of the six hyperfine states, num- 
bered (l-6), are shown in the right part of fig. 6. 
Note that for the high-energy hyperfine states 
(l-3) the spin moment of the electron is parallel 
(magnetic moment antiparallel) and for the hyper- 
fine states (4-6) antiparallel, respectively, to the 
external magnetic field. 

In high magnetic fields (see fig. 6, x >> 1) elec- 
tron spin and nuclear spin are decoupled causing 
an equal occupation of the hyperfine components 
with md = +l, 0, -1 which yields N+,=Na= 
N_, = l/3 and therefore PZ, = 0. In the high field 
region an eventually existing ESP in the Do elec- 
tron shells (n+ * n-, caused by capture of spin- 
polarized electrons) has no influence on the align- 
ment of the nuclear spin states. By passing the 
beam (adiabatically) from the high field region 
into a weak field region (X < 1) where F = I + J 
and mF = ml + mJ are, good quantum numbers 
and consequently the coupling between electron 
spin and nuclear spin is no longer negligible, a 
nuclear polarization can be achieved. 

Fig. 7 gives the tensor component P,, of a deu- 
terium beam as function of a static applied exter- 
nal magnetic field if only one of the six possible 

Fig. 7. Tensor polarization component P, of deuterons in 
deuterium atoms as function of an external normalized mag- 
netic field x (see fig. 6) if one of the six possible hypertme 
components (see fig. 6) in the deuterium atoms is occupied 

[20-221. 
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hyperfine components is occupied in the high field 
region [21,22]. From fig. 7 we see that the pure 
states (1) and (4) are independent of the external 
field, only states (2), (3), (5) and (6) depend on the 
external field. We simply derive from fig. 7 P,, as 
function of n+ (eq. (2)) in a weak external field 
(X = 0) by taking the weighted mean: 

P,, = (- l/3) + (2/3)n+ . (7) 

Applying eq. (2) yields for the ESP in the DO-atom 

P = + 3P,, . (8) 

Note that eq. (8) only holds if the neutralization of 
the deuterons takes place in a high magnetic field 
regime - requiring for capture of an electron into 
the ground state of deuterium a magnetic field 
larger than 11.7 mT (x = 1) - and if ‘the adiabacity 
(section 2.3.3) of the transition from “high” to 
“low” fields is guaranteed. We also note that the 
nuclear alignment is solely generated by the inter- 
action between the deuterium nucleus and the 
magnetic field B,(O) produced by the captured 
electron at the nucleus site which amounts to 17.4 
T for a ground state electron [21]. There is no 
alignment of the deuterons by magnetic interac- 
tion with the magnetic field at the surface of the 
ferromagnetic specimens [23]. 

2.3.3. Adiabatic transition 
In the high magnetic field region B x- B,, (= 

11.7 mT) the interaction energy of the magnetic 
moment p, (= 4.36 X 10m2’ J/T) of a deuteron 
with the magnetic field B,(O) of the electron at the 
nucleus site is smaller than the interaction energy 
of the total magnetic moment pato,,, of the deu- 
terium atom ‘with the external field B yielding 

I*&(O) < Ip,t,,BI, (9) 

which means that nuclear spin I and electron spin 
J are decoupled. Consequently, an ESP in the 
electron shell of the D” atom then has no in- 
fluence on the occupation densities of the nuclear 
spin states. 

During the transition into the Zeeman-region 
this coupling is no longer negligible and an align- 
ment of the nuclear spin states in the field B,(O) 
takes place. The adiabacity of this transition is 

guaranteed if the change of the magnetic field 
energy of the deuterium atom during the decrease 
of the external field and during one Larmor period 
W; ’ is always smaller than the smallest energy 
difference AE between two hyperfine states [24,25]. 
We then get 

]w-’ Ld/dt(pr,B)] g: AE. 00) 

With wL’=h/pgB, AE= -gJpeB/(I+ l/2)= 
-(2/3)&B) and dt =dz/v, (velocity of 150 
keV DO-atoms: v,, = 3.8 x lo6 m/s) we yield for 
the magnetic field gradient the following inequal- 
ity 

dB/dz e (2/3)(/0%,)B2 

< 0.015B2( l/mT mm). (11) 

For the critical field region B,, J 10 mT we yield 
d B/dz e 1.5 mT mm. If this criterion (eq. (11)) 
is fulfilled then eq. (8) can be used to calculate the 
ESP in the DO-electron shell from the tensor com- 
ponent P,, of the nuclear spin polarization. 

2.3.4. T(d, n) ‘He-reaction 
The T(d, n)4He-reaction with a Q-value of 17.56 

MeV is commonly known as source for fast (14 
MeV) neutrons [26,27]. For deuteron energies be- 
low 300 keV this reaction is preferentially suitable 
for analyzing the tensor polarization of deuterons. 
At a deuteron energy of 107 keV there exists a 
broad (140 keV) S-wave resonance of high ef- 
ficiency (5 b) [28,29], which is solely due to the 
J = (3/2)+-niveau of the ‘He-compound nucleus. 
Applying an unpolarized deuteron beam for the 
T(d, n)4He-reaction yields an angular distribution 
of the emitted 4He-particles, which is isotropic in 
the ems. Above 200 keV only, the differential cross 
section shows a weak anisotropy which is caused 
by a contribution of higher partial waves and in 
addition by a contribution of S-waves with J = 
(l/2)+ [30-331. Goldfarb [34] has shown that the 
differential cross section a(a) in the energy region 
of this resonance depends only on the tensor 
polarization component Pzz (= 1 - 3N,) parallel to 
the applied magnetic field: 

u(a) = o-0( 1 - $(3 cos2a - l)P,,}. (12) 

crO is the unpolarized differential cross section of 
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this reaction and a is the angle between the z-axis 
and the direction of emission of the 4He-particles. 
Applying polarized deuterons therefore yields an 
anisotropic distribution of the 4He-particles. Max- 
imum sensitivity is given for (Y = 0’ and (Y = 90”. 
With N being the respective 4He count-rates we 
yield for the anisotropy factor r 

r = ( NJN,) = U( (Y = oO)/a( (Y = 900) 

or 

(13) 

P,,=4(1 -r)/(r+2). 

With eq. (8) we get for the ESP 

(14) 

P= +3p,,= 12(1 -r)/(r+2). (15) 

The maximum count ratio (1.273) is related to an 
ESP of - 100% and the minimum count ratio 
(0.769) is related to an ESP of + 100%. The energy 
of the emitted 4He particles amounts to 3.5 MeV 
which can be easily measured by aid of Si- 
surface-barrier solid-state detectors. 

2.4. Detection of ESP u&g two-electron capture 

(TEC) 

Contrary to OEC, which can be used to in- 
vestigate long-range SMO at surfaces, TEC can be 
utilized to detect “local” SMO at surfaces on a 
microscopic scale. The basic idea for the TEC 
experiment depends on the fact that TEC processes 
predominantly occur whitin one single magnetic 
domain. The lateral length of interaction of a 
deuteron with the reflecting surface is only a few 
hundred atomic distances, which is much smaller 
than the lateral dimensions (pm-mm) of ferromag- 
netic domains. Two electrons captured by a single 
deuteron therefore possess the same spin align- 
ment given by the direction of the spontaneous 
ferromagnetic order existing in each domain even 
in demagnetized samples. Two electrons in a do- 
main are aligned either parallel or antiparallel 
corresponding to a triplet or singlet final state in a 
formed D- -ion. 

Using deuterons (or protons) for TEC we note 
that for D--ions only singlet-Is’-states exist. Sta- 
ble triplet states such as D- (1~2s) with two elec- 
trons with spin aligned parallel do not exist 

[35-371. Consequently, the formation of D--ions 
is drastically suppressed employing ferromagnetic 
surfaces with an ESP of + 100% or - 100%. Using 
surfaces of nonmagnetic materials such as Cu 
where the electrons are nonpolarized the forma- 
tion of D--ions is not suppressed. 

At present, no theoretical treatment of D- for- 
mation and survival during surface reflection of 
high energy deuterons is available [38]. Therefore, 
in a first approximation [39], we relate the mea- 
sured charge state ratio R = D-/D+ at Ni and Cu 
surfaces directly to the corresponding fractional 
numbers nNi and ncu for Ni and Cu surfaces 

RNi/RCu = ndnc.- (16) 

With P = 0 for Cu and n& + n;, = 1 we get from 
eq. (2) n& = n& = ncu = 0.5. For Ni the negative 
ion formation rate determining fractional electron 
numberisn,i=(l-]P])/2withnAi+n,i=l.We 
then yield for P: 

I’NiI = ’ - ( RNi/RCu)* (17) 

Note that spin-flip processes between the negative 
ions and the solid are negligible because the par- 
ticles interact only for a time of IO -I4 s in the 
close vicinity of the surface whereas spin-flip 
processes occur in a time scale of 10 -” s [40]. 

2.5. Surface reflection of deuterons and scattering 

potential of the topmost atomic layer (probing depth 

of ECS) 

First ion-surface reflection experiments with 150 
keV deuterons at single crystal surfaces revealed 
that for small scattering angles (0.2’-0.8’) the 
ions are scattered specularly. From fig. 8 we see 
that the energy distribution of the ion beam 
changes insignificantly by the surface reflection, a 
fact which is characteristic for ion-reflection at 
surfaces of atomically flat single crystals. The an- 
gular divergence of the incident deuteron beam of 
150 keV amounts to 0:05’. After the reflection at 
the single crystalline surface the charge-split parts 
of the scattered beam impinge on a T-T&target 
(11 in fig. 2; OEC experiment) and on two Fara- 
day cups (14 and 15 in fig. 2; TEC experiment) for 
the measurement of the long-range and “local” 
SMO. The angular acceptance of the T-target and 



C. Rau / ESP at surfaces of ferromagnetic metals 151 
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Fig. 8. Particle-energy distributions for 0.2”~grazing angle re- 

flection of 150 keV deuterons at a Ni( 110) surface. 

of the two Faraday cups equally amounts to 0.05” 
guaranteeing that only optimally reflected par- 
ticles are utilized in the measurements. Replacing 
the T-target and the Faraday cups by cooled Si- 
surface-barrier solid-state detectors with an angu- 
lar acceptance of 0.05” allows the measurement of 
the “ion reflectivity” I, which, for well-prepared 
specimens, is always larger than 90%. This proce- 
dure allows the detection of the SMO existing in 
the atomically flat parts of the surfaces of the 
investigated crystals. We remark that particles 
which are scattered at atomic steps at the surface 
are emitted with larger angles than the angle of 
incidence. ECS experiments utilizing these par- 
ticles for the ESP measurements always yield lower 
ESP values compared to the ESP values due to the 
SMO existing at the atomically flat parts of the 
surfaces. For very small angles of incidence (= 
0.2”-0.8”) the ions interact only with a few 
hundred atoms along the topmost surface layer. 

At present from literature there are two differ- 
ent concepts available to describe the ion-surface 
interaction in this regime: 

1. The scattering is treated as a sum of individ- 
ual ion-atom collisions. This concept allows the 
simulation of realistic surfaces (allowance for an- 
isotropic thermal lattice vibrations and for irregu- 
larities in the periodic arrangement of the surface 
atoms). 

2. The scattering of the atoms of the topmost 
atomic layer is treated using a one-dimensional, 
static and continuous, repulsive interaction poten- 
tial [41-431. This concept is suitable for the com- 
puter simulation of high-energy ion-reflection at 
atomically flat surfaces. 

The second concept is quite useful in calculat- 
ing the distance dmin of the closest approach of the 
ions towards the reflecting surface. dmin is well 
characterized by the energy component E, of the 
ions normal to the surface 

E I = E, sin*a = EOa2. (18) 

With E,, = 150 keV, E, amounts to 1.8 eV for a 
reflection angle a = 0.2’. For the estimation of 
d,, we use a planar surface potential derived 
from a superposition of screened Coulomb poten- 
tials of the Thomas-Fermi type [44,45] with the 
screening function of Moliere [46]. Fig. 9 gives a 
plot of these potentials for D+ -reflection at 
Ni( 110) and Co(OOO1) surfaces. From these poten- 
tials we estimate dmin = 0.2 run for a = 0.2”. This 

40 
I I 

- 0.6 

*min - x lnm) 

Fig. 9. Thomas-Fermi-Molikre surface potentials U(x) for 

reflection of 150 keV deuterons at Ni(1 IO) and Co(OOO1); 
x = distance from the surface in nm. 
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fact clearly reveals that the ions interact solely 
with the exponental tail of the electron density at 
the surface. Note that this estimation of dmin is 
only an approximation in the frame of the validity 
of these potentials shown in fig. 9. At present 
there is no calculation available where the ion 
reflection at ferromagnetic surfaces is treated using 
dynamic, self-consistent and spin-polarized surface 
potentials. 

2.6. Electron capture 

Of recent years several theories concerning elec- 
tron capture have been published, essentially to 
calculate the neutralization probability of protons 
traversing thin metallic films [47-491. Does the 
neutralization of protons or deuterons occur inside 
the material or only at the exit surface? 

This question has become a test for the applica- 
bility of all theories. It is strongly correlated to the 
problem of the possible existence of bound states 
of a proton inside the solid. Brandt and Sizmann 
[47] in their theory reach the conclusion that for a 
proton at any velocity there exists no stable bound 
state inside the solid. Due to the collective screen- 
ing of the proton charge by conduction electrons 
the energy levels of the proton are shifted in 
energy up to or above the Fermi level, not allow- 
ing the formation of neutrals until the particles 
have reached the tail of the electron density at the 
exit surface [48]. 

Cross [49] calculates the charge states of fast 
protons during transmission through solids visual- 
izing charge exchange as a sequence of 
electron-capture and -loss processes into bound 
states of the proton. In this theory the existence of 
a surface plays no special role. The charge state 
equilibrium already exists inside the material. 
According to Cross the mean free path for elec- 
tron-loss amounts to approximately 0.3 nm for 100 
keV protons. 

Ohtsuki and coworkers [50] calculate the neu- 
tralization probability for protons assuming that 
the electron-capture solely takes place at the exit 
surface. In a further paper [51] by these authors 
the neutralization of slow protons during scatter- 
ing at a solid surface is treated assuming that only 

Fermi electrons with a k vector normal to the 
surface are captured. 

A theory on the k-vector selection for electron 
capture during ion scattering at metal surfaces has 
been published by Schrader [52] in the frame of 
the free electron model. He finds that the most 
energetic electrons (Fermi electrons) with k-direc- 
tion in a forward cone between surface normal 
and projectile velocity are favoured for capture. In 
this paper it is further shown that high particle 
velocities (2, > 1.5 au) or large dmin values (corre- 
sponding to small reflection angles; see section 
2.5) rotate the most favoured k-vectors towards 
the surface normal in qualitative agreement, with 
the assumptions used for the interpretation of ECS 
results (see section 3.2.1). 

Further theories on electron-capture are re- 
viewed in the paper by Cross [49]. Cross and 
Schriider in their work point out that tractable and 
realistic surface wave functions must be available 
for refined calculations on electron-capture in 
small-angle ion-surface reflection experiments. 

For the interpretation of ECS results we assume 
- in a first approximation - that the deuterons 
directly probe the spin-polarized electron densities 
in the exponential tail of the electronic wave func- 
tions at the surface. 

In this approximation we leave aside any effects 
such as an occupational disturbance of the spin-up 
and spin-down electron densities at the surface 
caused by Coulomb interaction of the reflecting 
ions with the solid or spin flip effects between the 
neutralized deuterium atoms and the solid. It is 
the velocity of the reflecting deuterons which al- 
lows us to describe the dynamical polarization of 
the electrons in terms of linear response considera- 
tions where no pertubation effects of relative elec- 
tron spin densities are expected. Possible spin-de- 
pendent pertubations induced by the dynamical 
interaction of the ion with the solid cannot be 
efficient because the electronic response lags a few 
A behind the swift ions [53,48,49]. 

2.7. Instrumentation for nonmagnetic surface anafy- 
sis 

With ECS the SMO at the topmost atomic layer 
of a solid can be investigated. For the nonmag- 
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netic surface analysis, therefore, only methods can 
be used which allow the characterization of the 
geometrical and chemical arrangement of the atoms 
in the topmost surface layer excluding all classical 
techniques for solid-state analysis (X-ray diffrac- 
tion, neutron activation analysis, Mikrosonde, etc.). 

The installation of analytical techniques of high 
surface sensitivity is not only required for the 
interpretation of ECS results, it is also necessary 
for checking the efficiency of new methods for the 
production of atomically flat and clean single- 
crystalline surfaces, of oligatomic epitaxial mag- 
netic films or single-crystalline surfaces with 
well-defined contamination layers. 

For the investigation of the periodic arrange- 
ment of surface atoms we utilize low-energy elec- 
tron diffraction (LEED) measurements, which 
yield information about the lattice structure of the 
topmost atomic layers of a surface [54]. 

For the chemical analysis of the topmost atomic 
layers we utilize Auger-electron spectroscopy 
(AES) [55], which is sensitive to l/1000 of a 
monolayer within an information depth of 0.4-2 
nm for electron energies between 50 and 1000 eV 
[56]. Unfortunately at present one cannot derive 
from AES measurements the spatial distribution 
of impurity atoms in these topmost atomic layers. 
An important feature of AES is the sensitivity to 
the chemical bonding of surface atoms (chemical 
shift and splitting of AES “peaks”). 

From ECS measurements at uncleaned, oxygen 
covered Gd surfaces it is found that the SMO 
depends on the chemical state of the 0 and Gd 
atoms a the surface. Using a movable cylindrical 
mirror analyser (CMA) for AES, changes in the 
shape and position of Gd-, GdO- and O-“peaks” 
caused by a step by step oxidation [57,58] of the 
surface can be correlated to changes in the ESP 
during the measurement. 

3. Research on 3d-transition and U-rare earth 
metals with ECS 

3. I. Remarks on theoretical models and proposals on 
surface magnetism 

The present situation and the current compre- 
hension of 3d- and 4f-bulk and surface ferromag- 

netism is marked out by an extensive literature 
and by a continuous increase of theoretical and 
experimental investigations. In the last ten years a 
plurality of ESP experiments at surfaces of mag- 
netic materials have been performed revealing that 
ESP measurements provide valuable and profita- 
ble information for the identification of the mag- 
netic structure of a solid [59-621. 

At present there exists no universal and unified 
theory to describe the magnetic structure of a 
solid. Already for the description of the ground 
state properties of a ferromagnetic material drastic 
model assumptions - initiated by Heisenberg [63], 
Bloch [64], Slater [65] and Stoner [66] - must be 
made. The 2 most frequent models are: 

1. The Heisenberg model [63]: In this model 
electrons responsible for ferromagnetism are local- 
ized in real space at the position of the lattice 
atoms. The interaction between these localized 
electrons is produced by the interatomic exchange 
interaction which generates a spontaneous mag- 
netic moment in the ground state. A typical diffi- 
culty of the Heisenberg model is that it does not 
account for the “metallic” properties - such as 
electrical conductivity - of the 3d-transition and 
the 4f-rare earth metals. 

2. The Bloch model [64]: In this model electrons 
are localized in k-space within a few eV near the 
Fermi level. Specific ferromagnetic properties of 
the individual metals are then traced to differences 
in the one-electron energy structure existing in 
k-space. 

Using the hypothesis of an “inner molecular 
field” - postulated by Weiss [67], Slater [65], Stoner 
[66] and Wohlfarth [68] - showed in the frame of 
the band model that for the 3d-transition metals 
Fe, Co and Ni the spin degeneracy can be partially 
removed by this “inner molecular field”. This 
fictive field then generates the ferromagnetic cou- 
pling between the conduction electrons giving rise 
to a spontaneous magnetic moment in the ground 
state of these metals. The main contribution to the 
spontaneous magnetic moment in these metals 
originates from electrons near (l-2 eV) the Fermi 
level which, dependent on their band character 
(3d-like, 4s-like) and on their k-vector, exhibit the 
well-known ferromagnetic exchange splitting. 
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The main difficulty of the Bloch model, also 
named SWS-model - after Slater, Stoner and 
Wohlfahrt - or “itinerant-electron” model, con- 
sists in the explanation of the physical origin of 
this “inner molecular field”. According to Slater 
[65] and Friedel [69] the intra-atomic exchange 
interaction, which is also responsible for Hunds 
rule, generates ferromagnetic behaviour in the 
transition metals. After Kanamori [70], Hubbard 
[71] and Gutzwiller [4] the correlation energy, 
which is the repulsive Coulomb interaction be- 
tween electrons with antiparallel spins, causes 
ferromagnetism in the transition metals. 

In addition to these two limiting models there 
are recent theoretical efforts to reconcile these 
mutually opposite models into a unified one which 
could cover the entire field of magnetism [72,73]. 
Unfortunately, at present, there exists no calcula- 
tion of the temperature dependence of ferromag- 
netic properties of the 3d-transition metals in the 
frame of band-structure calculations. 

Are there modifications in the magnetic struc- 
ture of infinite extended materials by the introduc- 
tion of a surface? 

For a surface atom the number of nearest 
neighbours is reduced compared to a bulk atom, a 
fact which could produce changes in the magnetic 
structure of materials where the Heisenberg model 
is more appropriate. Moreover, at the surface the 
symmetry properties of the crystal lattice are 
changed, a fact which in addition could lead to 
drastic changes in the magnetic order at the surface 
caused by surface states. 

One may ask: Are there drastic perturbations in 
the magnetic structure at the surface of ferro-, 
antiferro- and paramagnetic materials to be ex- 
pected or exists at surfaces - leaving aside small 
modifications - the magnetic structure of the in- 
finite extended crystal since the surface region is 
only a small region of the total solid and cannot 
drastically affect the electronic and magnetic prop- 
erties of Bloch electrons in the ground state? At 
present questions of this kind are discussed vehe- 
mently. 

For the case of 3d-transition metal surfaces 
there exist the following model-dependent pro- 
posals: 

1. Under the assumption that the ferromagnetic 
exchange splitting in the first approximation is not 
changed, no drastic changes in the magnetic struc- 
ture are expected going from the bulk to the 
surface: Desjonqueres and Cyrot-Lackmann [74]. 

2. Due to the local character of the “renormal- 
ized-atom approach” model drastic changes in the 
magnetic structure are expected going from the 
bulk to the surface. It is suggested that spin-depen- 
dent surface resonances can cause a change in the 
sign of the ESP at a Ni( 100) surface: Fulde, Luther 
and Watson [75-771. In this work the existence of 
so-called “intrinsic magnetic dead layers” at Ni 
surfaces is also discussed. 

For the surface of the 4f-metal Gd there exist 
the following proposals: Leaving aside Friedel 
oscillations there are only small (10 - ‘) changes in 
the magnetic structure going from the bulk to the 
surface: Kautz and Schwartz [78]. (In this work 
the magnetization of the localized 4f-electrons is 
treated in the Heisenberg model. The magnetiza- 
tion of the conduction electrons is treated self-con- 
sistently. Changes in the temperature behaviour of 
the magnetic structure going from the bulk to the 
surface are possible.) In the frame of one-electron 
band structure calculations for antiferromagnetic 
materials such as Cr and V possessing an extreme 
high paramagnetic susceptibility, a ferromagnetic 
surface layer is expected: Allan [79]. 

In the following we present experimental results 
on the ESP using ECS at surfaces of ferro- and 
antiferromagnetic metals. 

3.2. Surfaces of Sd-transition metals: Ni, Co and Fe 

Table 2 gives results for the ESP results de- 
tected with ECS using OEC at the topmost atomic 
layer of Ni, Co and Fe single crystals. A striking 
and fundamental finding of these ECS experi- 
ments is that the ESP depends with respect to sign 
and magnitude on the surface orientation (hkl) 
demonstrating the importance of measuring ESP 
as function of the crystallographic surface indices. 

In these measurements the reflection angle of 
the 150 keV deuterons amounts to 0.2” giving a 
distance of closest approach of the ions towards 
the reflecting surfaces of approximately 0.2 nm 
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Table 2 
Electron spin polarization P measured at room temperature with ECS using OEC at fee-Ni, hcp-Co and bee-Fe surfaces 

Reflection 
plane (hk/) 

Beam 
direction 
U”W 

Direction of 
magnetic 
field 

P(W (W) 

experiment band 
structures 

(Refs.) 

110 
100 

Ni 100 
(fW 111 

120 
120 

co loio 
(hcp) 1120 

0001 

Fe 111 
(bee) 100 

110 

a Measured at 250°C. 

ii2 iii -96k3 -65 to -100 [81-901 
012 021 -65+1 -75 to -100 [81-901 
001 010 -64f 1 
ii0 112 -44+2 -40to -100 [81-901 

001 210 +15*1 + 17 WI 
210 001 +16+1 

0001 1210 +33*3 +4Oto -90 [91-931 
0001 ii00 +27+3 -80 to -90 [91-931 
loio ii00 -4lk2 -50 to -100 [91-931 

ii2 ii0 +31*2’ -15 to -40 [94-981 
001 010 + 14*2a +50 to -50 [94-981 
ii0 001 +13*2 +15 to -45 [94-981 

(section 2.5). These ESP data therefore are attri- 
buted to the interaction of the ions with the spin- 
polarized electron states in the exponential tail of 
the electronic wave functions at the surfaces. 

From table 2 we derive that the ESP does not 
depend on the azimuthal direction of the incoming 
beam. It is only a characteristic of the surface 
orientation (cf. Ni( 100) and Ni( 120) in table 2). 

We further find P unequal to zero at all Ni, Co 
and Fe surfaces indicating the absence of ferro- 
magnetic dead layers at clean Ni, Co and Fe 
surfaces and suggesting the inapplicability of theo- 
retical models where the possible existence of “in- 
trinsic magnetic dead layers” is discussed [75-771. 
In section 3.7 we show that so-called “intrinsic 
magnetic dead layers” can be simulated at a (pre- 
viously) ferromagnetic surface by H-contamina- 
tion. 

no self-consistent, spin-polarized surface band- 
structure calculations for the ferromagnetic 3d- 
transition metals available: Therefore in the fol- 
lowing we check to see if a quantitative or at least 
a qualitative interpretation of ECS results at 3d- 
transition metal surfaces is possible in the frame of 
self-consistent ferromagnetic one-electron band- 
structure calculations for infinitely extended 
materials published so far. The possible influence 
of surface states on the SMO is discussed in sec- 
tion 3.3. 

3.2.1. Nickel 
Within the 

most detailed 
center of the 

3d-ferromagnetic metals Ni is the 
investigated material and is the 
classical controversy in literature 

In the following we restrict ourselves to an 
interpretation of ESP results detected at 3d-transi- 
tion metal surfaces in the frame of the band-theo- 
retical description of the magnetic structure of 
these metals which allows the calculation of the 
dependence of the ESP as a function of surface 
orientation. 

concerning the applicability of the SSW-model for 
the description of ferromagnetism in the transition 
metals. 

In fig. 10 spin-polarized total electron densities 
for Ni are shown as function of electron energy. 

An essential feature of the SSW-model for Ni is 
the existence of incompletely filled 3d-bands with 
high electron densities of state near the Fermi 
level. 

At present - leaving aside first calculations for The following criteria are characteristic for the 
Ni(lOO)-surfaces [BO] (see section 3.3) - there are SSW-model for Ni: 



156 C. Rau / ESP ar surfaces o/ferromagnetic metals 

majority electrons 

E 

Fig. 10. Spin-polarized total electron densities for Ni as func- 
tion of electron energy E according to Hodges, Ehrenreich and 

Lang [Sl]. 

I 
EF 

1. Fermi electrons exhibit a predominance of 
minority-spin electrons (P c 0) contrary to the 
total polarization (magnetization) of the (3d, 4s- 
p)-electrons which is of majority-spin type (P > 0). 

2. The magnitude of the polarization of the 
Fermi electrons is drastically larger than the total 
polarization P,,, of all (3d, 4s-4p)-electrons. 

For Ni we get for the ESP of Fermi electrons 
(fig. 10) 

P=(~‘(E,)-~-(E,))/(~‘(E,)+n-(E,)) 

= -67% (19) 

and for the total ESP (fig. 10 [81]) 

P,,, = (n’ - n-)/(n+ + n-) = +5.6%. (20) 

We remark that one of the most striking features 
of the SSW theory, the existence of a high minor- 
ity-ESP for Fermi electrons, refers to an evalua- 
tion of the ESP from spin-polarized electron densi- 

Fig. 11. One-dimensional spin-polarized electron densities (upper part) and (h/c/)-dependent electron spin polarization (lower part) as 
function of electron energy E for Ni(1 lo), Ni(120) as evaluated from band structures by Marschall and Bross [88]. (Black dots: P(M) 
data from ECS experiments using OEC.) 
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Fig. 12. One-dimensional spin-polarized electron densities and ESP for Ni(lO0) and Ni( 111) [88]; cf. fig. 11). 

ties of state integrated over-all directions in k- 
space. 

In the following we deduce a (hkl)-dependent 
ESP taking into consideration the symmetry direc- 
tions in k-space which are related to each (hkl)- 
surface. 

In figs. 11 and 12 one-dimensional spin- 
polarized electron densities of state for Ni(1 lo), 
Ni(120), Ni( 100) and Ni(ll1) are plotted which 
are graphically evaluated from band-structure 
calculations [88]. In addition we have plotted, in 
figs. 11 and 12, the ESP as a function of the 
surface indices (hki) and electron energy E 

P(hkl, E) = (bh+k,(E) -G,(E))/ 

(t&,(E) +GdE)). (21) 

In the frame of testing the applicability of bulk 
band-structure calculations for the interpretation 
of ECS measurements at single-crystalline surfaces 
(table 2, d,, = 0.2 nm), the following assumptions 
are made: 

The exponential tail of the electron density at 
the surface where the electron-capture takes place 
is populated - in a first simple classical approxi- 
mation using the itinerant electron picture - with 
the most weakly bound electrons which are elec- 
trons with maximum kinetic energy (Fermi elec- 
trons) with k-vectors normal to the reflecting 
(hkl)-surface. 

We note that beside this qualitative argument it 

Table 3 
Comparison of Ni-ESP data for Fermi electrons as deduced 
from band structure [88] and from ECS measurements using 
OEC 

(hW Band structure 

[881 (W 

Experiment 

(X) 

110 -81 -96 
loo -94 -65 
111 -75 -44 
120 +17 + 16 
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Fig. 13. Local density of states for electrons inside the bulk and 
= 0.25 nm outside the surface of normal metals treated within 

the “planar uniform background model by Werner, Schulte 

and Bross [99]. 

is, for normal metals, also quantitatively shown in 
the frame of the “planar uniform background”- 
model that the width of the energy distribution of 
occupied electronic states decreases with increas- 
ing distance from the surface. The maximum of 
these local electron densities lies at the Fermi level 
[99] (fig. 13). This behaviour should be also valid 
for surfaces of transition metals. 

Table 3 gives a comparison of (M&dependent 

experimental ESP data for Ni from ECS measure- 
ments in comparison with ESP values for Fermi 
electrons taken from figs. 11 and 12. 

Comparing the theoretical P(M) values with 
the experimental P(M) data there is a complete 
agreement with respect to the sign of P( hkl) and a 
rough accordance with respect to the magnitude of 
the different P( hkl) values. 

We have evaluated (hkf)-dependent ESP data 
for Fermi electrons from all bulk band structure 
calculations for Ni available from the literature 
and listed in the last column of table 2. For all 
band structures there is complete agreement with 
respect to the sign of the ESP. The small fluctua- 
tions between the theoretical P(hkl) data for Ni 
deduced from various band structure calculations 

are note-worthy, revealing the high standard of 

quality Ni band structure calculations have re- 
ached. This statement naturally is related to elec- 
tron properties at the Fermi level. Restricting our- 
selves to evaluate only theoretical P( hkl) values 
from band structures where the ferromagnetic ex- 
change splitting is k-dependent, then these fluctua- 
tions are further reduced towards the experimental 
P(hkl) data. This perfect agreement concerning 
the sign of the P(hkl) results suggests - at least 
for Ni - that the magnetic structure calculated in 
the frame of one-electron band calculations for 
infinitely extended materials is not drastically 
changed by the introduction of a surface. This 

statement naturally is related to the energy region 
near the Fermi level and confirms the theoretical 
proposals of Desjonqueres and Cyrot-Lackmann 

[74] (see section 3.1). 
We remark that from ECS measurements per- 

formed at atomically clean and flat single-crystal- 
line Ni surfaces, experimental data of Liebermann 
and coworkers [ 1001, measured at polycrystalline 
surfaces of Ni where magnetically dead layers are 
found, cannot be verified. 

3.2.2. Cobalt 
At room temperature Co has a hcp lattice struc- 

ture. Among the 3d-ferromagnetic materials Co 
has received least attention. Contrary to Ni and Fe 
the status for Co of theoretical investigations is 

much less advanced. According to Wohlfarth [ 1011 
hcp-Co also can be regarded as a typical itinerant 
electron ferromagnet tractable within the frame of 

the SSW-model. 
Deducing ESP from spin-polarized electronic 

densities of state integrated over all k-directions, a 
high minority-ESP of Fermi electrons is postulated 
contrary to the low majority-ESP (+ 17%) of all 
magnetic electrons [91]. The comparison of the 
different band-structure calculations [91-931 shows 
that the magnitude of the ferromagnetic exchange 
splitting (1.1-3.1 eV), as well as the position of the 
Fermi level, are not accurately known, leading to 
large uncertainties with respect to the ESP of the 
Fermi electrons, which is also visible from the 
large spread of the theoretical P(hkl) data for 
hcp-Co, derived analogous to Ni from one-dimen- 
sional, spin-polarized electron densities of state 
(see table 2). 
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ECS results using OEC at surfaces of hcp-Co 
single crystals are shown in table 2. The three 
surface directions investigated so far all yield an 
ESP unequal to zero, therefore excluding the ex- 
istence of magnetic dead layers at these surfaces 
contrary to the experimental results of Lieber- 
mann and coworkers [lOO] measured at polycrys- 
talline Co surfaces. 

These ECS measurements reveal - in accor- 
dance with the Ni results - a drastic dependence 
of the ESP on surface orientation. For two surfaces 
(( 1070) (1120)) the experiment yields a majority- 
ESP and for the Co(OOO1) surface an ESP of 
minority-type. 

Comparing the P( Ml) data derived from bulk 
band-structure calculations with the ECS results 
using OEC yields agreement for only two surfaces 
((lOjO) and (0001)) with respect to the sign of 
ESP. We remark, however, that for hcp-Co more 
refined ferromagnetic band structure calculations 
for the bulk - and naturally also for surfaces - 
must be awaited allowing the estimation of changes 
in the magnetic structure caused by surface effects. 

3.2.3. Iron 
ECS measurements using OEC at oriented 

single-crystalline surfaces of bee Fe exihibit ESP 
values (see table 2) unequal to zero, a fact which 
analogous to Ni and Co surfaces excludes the 
existence of magnetic dead layers at these surfaces 

[lOOI* 
On the basis of the ESP results given in table 2 

it is evident that for Fe-surfaces the ESP also 
depends on surface orientation. 

For Fe there exist only a few bulk band struc- 
tures. They are calculated on the basis of the 
SSW-model[94-981. 

P,,, for Fe is of majority-type (+ 28%) and the 
ESP of the Fermi electrons averaged over all k-di- 
rections amounts to approximately + 50% [95]. 

Theoretical P(M) values for Fe are given in 
table 2. They are derived from spin-polarized, 
one-dimensional electron densities of state for Fe 
utilizing the available bulk band structure calcula- 
tions and using the same evaluation method as for 
Ni and Co. 

From table 2 we see that for the (100) and (110) 
surfaces of Fe there is agreement with respect to 
the sign of ESP. 

Inspection of the various band structure calcu- 
lations reveals that there exist considerable dif- 
ferences concerning the magnitude of the ferro- 

20 
t 

center plane 

n 

nin. 

I 
naj, 

Fig. 14. Self-consistent planar, spin-polarized electron densities for the center plane and the surface plane of Ni(100): Electrons/(eV 
atom spin) as function of electron energy E in eV according to Wang and Freeman [80]. In the upper part the minority-spin densities, 
and in the lower part the majority-spin densities are plotted. 



160 C. Rau / ESP at surfaces of ferromagnetic metals 

magnetic exchange splitting (1.3-3.9 eV) leading 
to uncertainties with respect to the position of the 
Fermi level and consequently to uncertainties with 
respect to the P(M) values of the Fermi elec- 
trons. 

According to photoelectronic measurements by 
Pessa, Heimann and Neddermeyer [102], per- 
formed at single crystalline surfaces of Fe, it is 
conceivable that the Fermi level with respect to the 
d-states is positioned 0.6 eV too high in the band 
structure for ferromagnetic Fe published by Sir@, 
Wang and Callaway (941. Taking this assumption 
into consideration there is for all three Fe-surfaces, 
investigated so far, complete agreement with re- 
spect to the sign of the respective P( hkl) values. 

3.3. Surface states: Ni(100) 

The existence of surface states (SS) is strongly 
correlated with the structural and electronic prop- 
erties of a surface [103]. At an ideal periodic 
surface nonlocalized SS can exist. In addition 
localized SS can be generated by pertubations in 
the periodicity (adsorbed impurity atoms, atomic 
steps, point defects, surface reconstruction) of the 
atoms at the surface [104]. These states can cause 
nonlocalized SS to change or to disappear. There- 
fore a relevant attachment of theoretical to experi- 
mental data needs the exact knowledge of the 
geometrical and chemical structure of the topmost 
atomic layers of a surface. 

According to Wang and Freeman (WF) [80] 
theoretically reliable proposals on the existence of 
SS, in principle, require a self-consistent calcula- 
tion of the surface potential. Caruthers and Klein- 
man [105] derive from their calculations on the 
influence of different nonself-consistent potentials 
on SS at ideal periodic Fe(lOO)-surfaces, that par- 
ticularly for layers of transition metals self-con- 
sistency is necessary, since the existence and sym- 
metry of SS extremely depend on the details of the 
potential. 

Quite recently it has become possible to calcu- 
lated self-consistently spin-polarized electron den- 
sities of states for oligatomic single crystalline 
layers including SS, a most promising fact which 
henceforth allows one to focus attention on possi- 
ble changes in the magnetic structure going from 

the bulk to the surface which are derived solely 
from theoretical investigations. 

In first ab-initio, self-consistent calculations on 
spin-polarized electron densities of state (DOS) for 
a 9 layers thick Ni(100) film, the influence of 
nonlocalized SS on the ESP at the surface is 
investigated [80]. These calculations neither yield a 
magnetic dead layer at the Ni(100) surface nor 
generate a change in sign of P at the Ni(100) 
surface. WF find majority-SS at the Fermi level 
which reduce the minority-ESP of Fermi electrons 
from -78% (center plane) to - 57% (surface 
plane). These ESP data are deduced from the 
spin-polarized planar DOS which are shown in fig. 
14. 

ECS measurements, using OEC at the surface 
of a 7 layers thick single-crystalline Ni(100) film 
epitaxially grown on a NaCl(100) substrate crystal, 
yield an ESP of -64% (see section 3.5) in close 
agreement with the ESP measured at surfaces of 
bulk Ni(100) which amounts to -64% (table 2). 

Comparing ECS results for Ni(100) with spin- 
polarized, self-consistent surface band-structure 
calculations there is not only agreement with re- 
spect to the sign of P(100) but also good accor- 
dance with respect to the magnitude of P(100). 

We note that at present there exists no calcula- 
tion on the dependence of P as function of dis- 
tance from the topmost atomic surface sheet. We 
remark that the P data from ECS experiments 
using a reflection angle of 0.2“ are related to a 
minimum distance of the ions from the surface of 
approximately 0.2 nm. 

3.4. Dependence of ESP on reflection angle: Ni(l IO), 
Co(OOO1) 

Changing the reflection angle (Y of the ions 
opens the way to probe surface magnetic struc- 
tures in real space. 

An increase of (Y enlarges the energy E, of the 
ions normal to the reflecting surface and leads 
therefore to a decrease of dmi,, the distance of 
closest approach of the ions during the surface 
reflection (see eq. (18) and fig. 9). 

Table 4 lists ECS data using OEC at Ni( 110) 
and Co(OOO1) surfaces as function of (r, E, and 
dmin which are received, increasing a from 0.2 to 
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Table 4 
Dependence of ESP on reflection angle a 

Reflection 
angle cr 

(de@ 

Transverse 
energy E I 

W) 

Ni(ll0) 

P 

Co(OOO1) 

P dmin 
(V ($1 (nm). 

0.2 1.8 -96 0.18 -41 0.21 
0.5 11.4 +5 0.07 -40 0.11 
0.8 29.2 +9 0.03 +21 0.06 

0.8” [106,107]. A characteristic feature of these 
measurements is that for these surfaces there is not 
only a change in the magnitude of P with increas- 
ing (Y, but also a transition from minority-type 
ESP to majority-type ESP. 

At present there exist no calculations on the 
local DOS of ferromagnetic surfaces as function of 
distance from the topmost surface sheet. We pro- 
ceed to discuss these ECS results in the frame of 
bulk band-structure calculations using the follow- 
ing assumptions: With increasing a (decreasing 
dmin) the ions not only probe electrons with wave 
vectors normal (k I * 0, k,, = 0) to the surface but 
also electrons with k-vectors oblique (k, 3; 0, k,, * 

0) to the surface lying within a cone of angle c 
which enlarges with increasing a (fig. 15). 

For Ni( 110) a calculation on the dependence of 
ESP on cone angle c is available [lOa] giving a 
change of P( 110) from - 80% (small c) to +9% 

I surface normal 

i 

Fig. 15. Cone angle c for electron k vectors at the surface. c 
decreases with increasing distance from the surface (see also 
text and ref. [3]), k I and k,, are the vector components of k 
normal and parallel to the surface. 

(large 0, in good agreement with the experimental 
finding. For the evaluation of these ESP values the 
energetic position of the Fermi level in the band- 
structure calculation is shifted to lower energies by 
0.2 eV, which is conceivable as mentioned by the 
authors [SS] if spin orbit coupling would be taken 
into account. 

3.5. Ferromagnetism at surfaces of oligatomic epi- 
taxial Ni(lOO)-layers 

In past years much experimental and theoreti- 
cal work has been centered upon the electronic 
and magnetic properties of thin films of ferromag- 
netic materials [5]. In particular experiments by 
Liebermann and coworkers [lOO] stimulated the 
discussions on magnetic phenomena in thin films. 
These authors measured the magnetization of thin 
polycrystalline electrolytically prepared Fe, Co and 
Ni films as function of film thickness and con- 
cluded on the basis of their experimental results 
that “intrinsically magnetic dead layers” exist at 
surfaces of 3d-transition metals. For Ni, e.g., they 
found that until a film thickness of 4 atomic layers 
is reached, the magnetization at room temperature 
remains zero. With increasing layer thickness this 
“dead layer” effect did not disappear. Using dif- 
ferent substrate crystals (Cu, Au) they could ex- 
clude the possibility that these dead layers could 
be introduced by diffusion of substrate atoms into 
the ferromagnetic films. 

For theoretical work on the interpretation of 
these measurements we refer to section 3.1. 

Based on experimental facts [ 108- 1 lo] Grad- 
mann [ll l] pointed out that this effect may be 
induced by H-chemisorption during the electrolyti- 
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Fig. 16. ESP at surfaces of n monolayers Ni(100) on Cu(100) substrate crystals (open squares), measured with ECS at room 

temperature using OEC (d = layer thickness in nm). ESP of 7 monolayers Ni(100) and NaCl(100) bulk substrate crystals (closed 

circle); ESP at surfaces of bulk Ni(100) crystals (closed square). 

cal preparation of these films and may be not 
present at clean surfaces of these metals. Therefore 
ESP measurements performed under UHV condi- 
tions at atomically clean and flat surfaces are very 
desirable [ 1111. 

For ECS experiments atomically clean and flat 
Ni(100) films (2-64 layers) are prepared on 
Cu(100) and NaCl(100) substrate crystals by elec- 
tron beam evaporation at 1 X lop9 mbar. The 
absence of holes in these oligatomic is checked by 
measuring AES signals as a function of layer 
thickness [ 112,113] and the monocrystalline state 
of the surfaces is detected by LEED. 

Fig. 16 gives experimental results for the ESP 
measured with ECS using OEC at surfaces of thin 
Ni(100) layers. The measurements are performed 
at room temperature. The ESP at the surface of 
two atomic layers Ni(100) on Cu(100) amounts to 
- 19% clearly excluding the existence of so-called 
“intrinsic magnetic dead layers” at Ni(100) 
surfaces. Increasing the thickness of the Ni(100) 
layers on Cu(100) up to 64 layers increases the 
ESP up to - 65% close to the ESP value (- 64%) 
measured at surfaces of bulk Ni(100). Note that 
the decrease of ESP with decreasing Ni-layer 
thickness cannot be attributed to a decrease of the 
bulk Curie temperature TCb because it is known 

from reliable UHV experiments [ 114,115] that TCb 

does not depend on layer thickness, at least down 
to a layer thickness of. 2 nm (6 atomic layers). 

In a further experiment, 7 atomic layers Ni( 100) 
are evaporated on NaCl(100) substrate crystals. 
The ESP at these surfaces amounts to -64% (fig. 
16) and is not reduced compared to the 
Ni( lOO)/Cu( 100) experiment where, e.g., 8 mono- 
layers Ni( 100) on Cu( 100) yield an ESP of - 33%. 
Therefore the observed reduction of the ESP at the 
free Ni(100) surface using Cu(100) substrate 
crystals might be caused by the influence of non- 
polarized Cu-substrate electrons, which due to 
electron-phonon scattering at room temperature 
have a mean free path of approximately 2-4 nm 
[ 1161. 

Unfortunately, at present, there exists no de- 
tailed calculation on the ESP at surfaces of thin 
Ni(100) layers on Cu(100) substrate crystals as a 
function of Ni-layer thickness. 

We note, however, that a self-consistent calcula- 
tion - including SS - on the magnetic structure of 
a 9 layer thick unsupported Ni(100) is available 
[80]. The ESP at the surface of this film amounts 
to -57% which is close to the ESP at the surface 
of 7 atomic layers Ni(lOO) on NaCl(100) which 
amounts to -64%. These authors (WF) note that 
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for films of thickness less than 7 layers there is 
also a dependence of the ESP on layer thickness 
for unsupported films. 

Quite recently, Freeman and coworkers [ 1171 
investigated the surface magnetism of one Ni over- 
layer on a five layer Cu( 100) substrate. They find a 
reduction of the surface-ESP of Fermi electrons 
caused by the Cu-substrate, which is in agreement 
with the experimental ECS results. 

3.6. Magnetic surface phase transitions: Gd 

The influence of a surface on magnetic phase 
transitions has been investigated by a large num- 
ber of authors within the framework of different 
theoretical models [ 118- 1241. There is consider- 
able interest in experimental information on the 
temperature dependence of the surface magnetic 
structure. Highly desirable are measurements near 
the critical temperature. 

One of the reasons for lack of experimental 
data is that it is not so easy to prepare clean 
surfaces which remain uncontaminated and 
well-defined during multiple heating and cooling 
cycles which are necessary to get reliable informa- 
tion. 

Under the ferromagnetic metals the rare earth 
metal Gd, which has a critical temperature around 
room temperature, seems to be a good candidate 
because at room temperature bulk impurity diffu- 
sion is negligible and undesirable residual gas ad- 
sorption during the heating and cooling cycles is 
negligible under extreme UHV conditions. 

Gd is a nearly isotropic ferromagnetic metal 
with a saturation magnetization of 7.55pJatom 
where 7/.4,/atom are attributed to the 7 localized 
electrons in the half-filled 4f-shell and 0.55pa/ 
atom are due to the polarization of the 5d-6s 
conduction electrons, which analogous to the tran- 
sition metals have a high DOS near the Fermi 
level. In the framework of the Rudermann-Kit- 
tel-Kasuya-Yosida (RKKY) theory [125] it is as- 
sumed that the alignment of the magnetic mo- 
ments of the 4f-electrons is generated by the indi- 
rect interaction via the conduction electrons. It is 
known from neutron diffraction experiments [ 1261 
that the polarization of the conduction electrons 
P( T, H) is proportional to the reduced magnetiza- 

tion m(T, H) of the 4f-electrons. We therefore set 
[ 1271: 

P(T, H) = ym(T, H). (22) 

Sign and magnitude of y depend on the 
spin-polarized DOS near the Fermi level. 

Fig. 17 gives ECS results utilizing OEC for the 
ESP measurements at surfaces of polycrystalline 
bulk Gd magnetized in a magnetic field H = 47.76 
kA/m. The dashed line in fig. 17 shows the tem- 
perature dependence of the bulk magnetization of 
Gd for H = 47.76 kA/m [ 1281. The ESP at clean 
(C and 0 content within the 4 topmost atomic 
layers is less than l/100 monolayer as detected by 
AES) Gd surfaces amounts to - 41% at T = 160 K 
and decreases to - 4.6% at T = 293 K, which is 0.5 
K beyond the bulk Curie temperature TCb = 292.5 
K measured in situ by an inductive method. At 
T = 393 K zero ESP is found. 

Three interesting aspects of this measurement 
[129] are to be noted: 

1. The existence of a nonzero ESP below TCb 
agrees well with the RKKY theory and with fer- 
romagnetic band structure calculations of Harmon 
and Freeman [ 1301 which predict a minority-ESP 
of Fermi electrons for all calculated low-index 
(hkl) surface orientations. 

2. The temperature dependence of the ESP at 

Fig. 17. ESP at Gd surfaces as function of temperature T 
measured in a magnetizing field of 47.76 kA/m with ECS using 
OEC. 
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the topmost surface layer is drastically different 
from bulk behaviour. Between 160 K and 311 K 
the ESP changes linear& with temperature. 

3. P * 0 above Tcb shows that the surface Curie 
temperature T,, = 311 K is beyond TCb indicating 
that the surface layer has a highly anisotropic 
exchange where the surface coupling constant is 
larger than the bulk exchange coupling constant 
[ 127,13Oa]. To this we remark that a change of the 
lattice constant at the surface by a few percent 
already could increase the magnetic exchange con- 
stant by a factor of two. 

3.7. H-chemisorption and surface magnetism 

The investigation of H-chemisorption at surfaces 
of 3d-transition metals is of actual interest for the 
understanding of catalytical processes. Differences 
in the catalytic properties of these metals can be 
ascribed to differences in the filling of the d-bands 
which influence the strength of the adsorptive 
bonding of H at the surface [ 13 11. 

H-chemisorption experiments under extreme 
UHV conditions are of crucial importance for an 
unsophisticated interpretation of experimental re- 
sults on the SMO of magnetic metals where the 
hydrogen partial pressure in the measuring cham- 
ber is unknown [ lOO]. In an ECS experiment using 
OEC at a Ni( 110) surface it is shown [ 1321 that 
hydrogen adsorption influences SMO. The ESP at 
Ni( 110) is found to be reduced from - 96% at the 
clean surface to - 8% for a hydrogen coverage at 
the surface of approximately one monolayer. This 
directly reveals that H-chemisorption induces 
magnetically dead layers which do not exist at the 
uncontaminated surface. At present there exist 
several promising theoretical investigations where 
it is shown that an antiferromagnetic interaction 
between the chemisorbed H atoms and the sub- 
strate atoms gives rise to a change of the SMO 
[132a-d]. 

3.8. Surfaces of antiferromagnetic 3d-transition 
metals: Cr(lO0) 

The 3d-metal Cr is antiferromagnetic below the 

bulk Neel temperature TNb = 310 K and consists 
of two magnetically compensating ferromagnetic 
sublattices producing zero macroscopic magnetiza- 
tion of the bulk. In the (100)~direction the spin 
structure is sinusoidal and incommensurate with 
the lattice period. Therefore one might expect 
ferromagnetic order at the topmost surface layer 
of Cr(100) below TNb. 

The Cr( 100) crystal used in the measurements is 
prepared with a surface orientation better than 
0.01’. After several standard cleaning-annealing 
procedures the final C and 0 coverages are less 
than 0.02 monolayer as monitored with AES using 
a CMA. LEED measurements at the surface of the 
clean and atomically flat Cr(100) single crystal 
show a c(2 x 2) surface structure. 

The ESP is investigated with ECS using OEC 
[39]. Increasing the applied magnetic field up to 
0.09 T an ESP up to - (18 f 2)s is found at 
T = 293 K clearly revealing the existence of long- 
range ferromagnetic order at the topmost atomic 
layer of Cr(lOO)c(2 x 2). With increasing tempera- 
ture the ESP decreases to -(2.5 f 1)W at 310.5 K 
for B = 0.09 T. Linear extrapolation yields zero 
ESP for B = 0. At 365 K zero ESP is detected for 
all applied magnetic fields. 

At present there is one calculation available 
where within a simple tight-binding approximation 
it is shown that the nonreconstructed Cr(100) 
surface is already ferromagnetic [133]. Teraoka 
and Kanamori [ 1341, Werner [ 1351 and Grempel 
[135a] derive that magnetic order at Cr surfaces 
may also exist beyond TN,,. Work is in progress to 
measure the ESP near TN\, with high precision. 

We remark that quite recently in a further 
interesting experiment [ 135b] oxygen-induced 
ferromagnetism at a nitrogen-stabilized (N cover- 
age < 1 monolayer on top of the surface) nonre- 
constructed Cr( lOO)p(l X 1) surface is observed 
with spin-polarized photoemission spectroscopy 
(see section 4.1). In this experiment the topmost 2 
nm of the surface are probed. At T = 230 K the 
maximum ESP amounts to + 9% for a Cr sample 
containing 3.3% oxygen incorporated below the 
topmost surface layer. At T 2 500 K the ESP 
vanishes. 
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Table 5 

Experimental data on the ESP at Ni surfaces 

(W ECS 

TEC 

RNi x lo3 R,, x 10’ IPI (W 

OEC 

P (W) 

PES 

P (W) 

(110) 0.35 5.70 94 -96 -95a 

(loo) 1.45 5.25 72 -64 -3ob 

(ill) 3.05 5.75 47 -45 -45c 

(120) 4.62 14d + 15 

polycr. 5.37 d 

a-d Refs. [136-1391. 

3.9. Local magnetic order and two electron capture 
(TEC): Ni(llO), Ni(lOO), Ni(lll), Ni(120) 

First experiments with ECS for the investiga- 
tion of TEC processes were performed on demag- 
netized Ni( 110) surfaces. From table 2 we see that 
the (1 IO)-surface of Ni at T = 293 K exhibits an 
ESP of -96% using OEC (measurement of 
“long-range” SMO) showing that the tail of the 
electron density at this surface overwhelmingly 
(98%) consists of electrons of one spin direction 
only. 

Reflecting 100 keV deuterons at Ni(ll0) and 
Cu( 110) surfaces at T = 293 K drastically different 
charge state ratios are obtained. R,,( 110) amounts 
to 5.7 X 10m3 whereas R,i(llO) amounts only to 
0.35 X 10e3. From eq. (17) we get IP,i(l lo)] = 94% 
which is close to the ESP measured with OEC 
showing that TEC experiments open a simple new 
way to investigate SMO. 

The results of further systematic studies [39] at 
various Ni(hkl) surfaces are listed in table 5 to- 
gether with OEC data. From the comparison of 
the respective ESP values we see that the evalua- 

Table 6 

Experimental results on the electron spin polarization P (S) measured at various surfaces of clean and H-adsorbed Ni 

(W PES FES SIFT ECS 

110 

100 

111 

120 

137 

130 

112 

113 

123 

PolY- 
tryst. 

-95 (1980) [148] -8 (1971) [155] -96 (1975) [13] 
+3 (1975) [152]; H,: +2.2 

+5 (1978) [l60]; H,: +I 2 

‘30 (1976) [137] -10 (1971) [155] -65 (1975) [13] 

0 (1977) [157]; H,: + 15 

-3 (1977) [158]; H,: 0 

-45 (1979) [138] +7.5 (1971) [l55] -44 (1975) (131 
-3.5 (1977) [157]; H,: + 15 

+3.6 (1976) [I561 + 16 (1975) [l3] 
-9.5 (1971) 11551 

+3.6 (1976) (1561 

-2.9 (1976) [I561 

-2.9 (1976) [156] 

+7 (1977) [159] 

+ 15 (1970) [145] - 13 (1971) [155] + 11 (1972) [165] 
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Fig. 18. Charge-state ratios RNi(M) and R,,(hkl) as function 

of the target temperature T. Polycr. refers to polycrystalline 

Cu. For Ni only each second measuring point is drawn in order 

to give a clear plot. 

tion of ]PI as given by eq. (17) is useful in de- 
termining SMO although at present a proper theo- 
retical treatment of TEC for grazing-angle reflec- 
tion experiments is not available [38]. We have 
further listed in table 5 data on the ESP at Ni( hkf ) 
surfaces measured with spin-polarized photoemis- 
sion spectroscopy (PES) which are in good agree- 
ment with the ECS results. 

In fig. 18 measurements on the temperature 
dependence of the “local” SMO at .various Ni and 
Cu surfaces are shown. From fig. 18 we see that 
there in no drastic increase of the RNi( hkl) data 
near TCb as one would expect in a conventional 
picture of ferromagnetism where, as a result of the 
disappearance of the ferromagnetic exchange split- 
ting beyond TCb - assuming that T,, is near Tcb - 

the SMO should disappear. 
The ECS results shown in fig. 18 suggest that 

“local” ferromagnetic order exists on an atomic 
scale within atomic neighbours for Ni far above 
the Curie temperature, e.g., for Ni(ll0) up to 
2.05Tc,, implying that the “local” ferromagnetic 
exchange splitting is temperature independent as 
stated in modern theories where the finite temper- 
ature properties of the 3d-transition metals are 
treated in the frame of a “local band” picture 
where the interatomic exchange produces ferro- 
magnetism [140-1431. We remark that Slater [65] 
in 1968 already pointed out that there is no inter- 
relation between the ferromagnetic exchange split- 
ting and the Curie temperature, which is char- 
acterized only by the disapperance of the long- 

range spin order, whereas the energy separation 
between minority- and majority-spin electrons is 
correlated with exchange effects existing on an 
atomic scale. 

4. Results of further experimental techniques sensi- 
tive to ESP at magnetic surfaces 

As mentioned in section 1.2 the aim of this 
review is not to give an extended description - 
except ECS - of the various ESP methods. We will 
limit ourselves to describe the different techniques 
insofar as necessary to comprehend the principle 
of each method and report on recent advances and 
developments as they relate to new and fundamen- 
tal results in the years past which have brought 
new scientific perspectives in surface magnetism 
research. Until recently, experimental results on 
ESP at ferromagnetic surfaces measured with dif- 
ferent techniques seemed to be conflicting. By way 
of example we report on ESP data on Ni, which 
has been investigated with all methods. 

The interpretation of the ESP data from ferro- 
magnetic Ni (see table 6).where the SMO has been 
probed with ECS, PES (spin-polarized photoemis- 
sion spectroscopy), FES (spin-polarized field-emis- 
sion spectroscopy) and SIFT (spin-dependent tun- 
neling in a superconductor-insulator-ferro- 
magnet junction), lead to contradictory conclu- 
sions concerning the applicability of the SSW band 
theory to describe ferromagnetism in the 3d-transi- 
tion metals [5-10,13,23]. The center of the con- 
troversies was the interpretation of the different 
signs of the ESP measured with each method at 
Ni-surfaces. 

Each method not only provides information on 
the magnetic state of the surfaces but also infor- 
mation on the understanding of the physical 
processes inherently involved in each technique. 
Moreover, new information and insights can be 
obtained by advances in the experimental tech- 
nique, e.g., in PES experiments presently speci- 
mens magnetized along the surface plane can also 
be successfully investigated. 

Rapid computational progress these days allows 
the development of powerful arithmetic techniques 
to carry out complicated calculations which are 
necessary to determine the magnetic and electronic 
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structure of surfaces. These advances in the past 
few years have lead to a limitation of the large 
number of possible models to describe magnetism 
at surfaces. 

At his point we would like to mention a further 
interesting field: investigation of surface magnons 
from light scattering experiments. A recent review 
that includes this area is published by L&y [143a]. 

4.1. Photoemission spectroscopy (PES) 

Single photon absorption by electrons in a fer- 
romagnetic solid leads to the emission of spin- 
polarized electrons. The ESP predominantly is de- 
tected using the well-known Mott detector. The 
mean free path of photoelectrons amounts to ap- 
proximately l-3 nm. Since the emission time of 
photoelectrons (< lo-l4 s) is much smaller than 
the spin relaxation time (lo-l2 s) in solids, it is 
assumed that during the emission process the ESP 
remains unchanged. 

After the first unsuccessful results in 1965 on 
Ni-surfaces [ 1441, Siegmann and coworkers showed 
in their pioneering experiments in 1970 that it is 
possible to detect ESP at surfaces of polycrystal- 
line evaporated Ni, Co and Fe films [ 145,146]. For 
the ESP of electrons near the Fermi level they 
found: 

Ni: +15%, Co: +28%, Fe: +54%. 

In these measurements the energy resolution at the 
Fermi level amounted to 400 meV. 

A characteristic for Ni was the positive sign of 
the ESP which consequently - according to this 
measurement - lead to the inapplicability of the 
SSW model (see section 3.1) for the interpretation 
of the experimental PES-results for Ni. The authors 
mention that the ESP values found are larger than 
the expected values for PtOt (eq. (20)) deduced 
from the SSW model: 

Ni: +5%, Co: +19%, Fe: +28%. 

In 1976 for the first time a minority-ESP was 
found at surfaces of single-crystalline Ni(100) 
where inhomogeneities in the work function, al- 
ways present at polycrystalline surfaces, can be 
avoided [147]. We note that this interpretation by 
the authors is in accordance with ECS data known 

from the P(hkl) data for Ni (table 2 see also figs. 
11 and 12) where Ni( 120), which possesses the 
lowest work function compared to other low-index 
Ni-surfaces, yields a positive ESP. Therefore at 
polycrystalline Ni surfaces one would expect at 
photothreshold a positve ESP neglecting thereby 
any other effects. Later on for Ni( 111) a negative 
ESP at the Fermi level was also found [ 147,138]. 

We remark that up till 1979 the specimens used 
in PES experiments were magnetized normal to 
the surface (longitudinal geometry) in considera- 
tion of electron optical requirements. New and 
outstanding experimental data now have been re- 
ceived with samples magnetized along the surface 
(transversal geometry) and without applying a 
magnetizing field during the measurements [ 1361. 
For Ni(ll0) an ESP at the Fermi level of - 95% 
was found by making use of optical selection rules. 

The investigation of the SMO at single-crystal- 
line surfaces of Ni at present yields the following 
maximum values for the photo-ESP at the Fermi 
level: 

Ni( hkl) : (110) (111) (100) 

P(%) : -95 -45 -30 

We remark that these photo-ESP data naturally 
depend on the energy resolution at the photo- 
threshold [ 1481. 

For a recent review on this field we refer to ref. 
[149] and to ref. [150] where the authors deduce 
from their PES-experiments that the one-electron 
band picture cannot be used for the interpretation 
of the found data on the photo-ESP below the 
Fermi level. 

Finally, we also note that from conventional 
PES experiments applying optical selection rules 
valuable information on various physical proper- 
ties of ferromagnetic materials, such as the temper- 
ature dependence of the ferromagnetic exchange 
splitting, can be received [150+. 

4.2. Fieldemission spectroscopy (FES) 

By applying a high electric field at a tip of a 
ferromagnetic solid the potential barrier at the 
surface changes drastically thereby leading to 
emission of polarized electrons into vacuum. The 
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main contribution to the emission current 
originates from electrons near (100 mev) the Fermi 
level. The ESP is - analogous to the PES experi- 
ment - detected using a Mott detector. 

The investigation of a (hkl)-dependent ESP in 
field emission experiments requires extreme ex- 
perimental efforts [ 15 l] concerning: 

1. 

2. 

3. 

the vacuum conditions for measurements at low 
temperatures ( < 100 K), 
the adjustment of the electric and magnetic 
field device, 
the precise selection of the emission current 
originating from the different (hkl)-surface 
orientations [ 1521. 

For static magnetic fields larger than 0.5 T and for 
electrical extraction fields larger than 2.5 keV the 
disturbance of the field emission pattern is too 
large to allow a (hkl)-dependent investigation of 
the ESP [ 1511. We remark that for the interpreta- 
tion of FES experiments drastic differences in the 
transmission coefficients for tunneling of d-like 
electrons (Td) and for sp-like electrons (T,,) must 
be taken into account (T,, = (lo-lOO)T,) [153,154]. 

First FES experiments on polycrystalline N&tips 
were reported in 197 1 by Gleich and coworkers 
[ 1551. They found an ESP of - 13%. They further 
reported on a minority-ESP for electrons emitted 
around (lOO), (1 lo), (137) and on a majority-ESP 
for electrons emitted around (111). In 1975 Miiller 
[ 1521 reported on a change in the sign of the ESP 
induced by H-adsorption. 

In years past, series of new FES-data were 
achieved by the further development of the experi- 
mental technique [152,156-1601. Due to the large 
number of experimental results they are sum- 
marized in table 6. Note that in the publications 
[ 158,160] for Ni( 100) and Ni(ll0) only a reduction 
of the FES-ESP is found but no change in the sign 
by adsorbing hydrogen at the Ni-tips. In ref. [ 1571, 
on the other hand, an increase of the ESP up to 
+ 15% is found for Ni( 100) and Ni( 11 l), which for 
Ni( 111) is associated with a change in the sign of 
the FES-ESP. Further clarification of this situation 
needs experimental data on the influence of CO 
adsorption on the ESP at Ni surfaces. We note 
that Eib [161] from preliminary experiments finds 
an increase of the ESP caused by CO adsorption. 

Further complication for the interpretation of FES 
experiments arises from a possible spin-depen- 
dence of the surface potential. This spin-filter ef- 
fect is of importance for the interpretation of 
FES-ESP data from Ni and Fe as claimed in a 
theory published by Nagy [ 1621. 

4.3. Spin-dependent tunneling in a super- 
conductor-insulator-ferromagnet junction (SIFT) 

The basis of the SIFT method is related to the 
spin-dependence of energy states of quasiparticles 
in thin superconducting Al-films in high magnetic 
fields 11631. In first experiments using 
Al-Al,O,-Ni layers, the spin dependence of the 
tunneling current is reported [ 164- 1671. 

The preparation of the films [ 1661 is performed 
by evaporating a 5 nm thick Al layer on a glass 
substrate at T = 77 K in a vacuum of lop5 mbar 
followed by an oxidation of the Al-layer for 4 h at 
room temperature in air saturated with water 
vapour. After this procedure a 30-100 nm thick 
Ni layer is evaporated in vacuum on the Al,O, 
surface. The measurement of the tunnel character- 
istic is performed at 0.4 K in a magnetic field of 
3.4 T. With SIFT spin-polarized electron densities 
within an energy width of 0.001 eV near the Fermi 
level can be probed. For the interpretation of the 
measurements it is assumed that the tunneling 
process does not depend on spin direction [164]. 
Polycrystalline Ni, Co and Fe yield the following 
SIFT-ESP values which are all of majority-spin 
type [166,167]: 

Ni: +ll%, Co: +34%, Fe: +44%. 

The authors exlude the applicability of the SSW 
model for the interpretation of the SIFT results. In 
a further paper they point at the high surface 
sensitivity of this method [ 1671. 

From further investigations using Ni-Fe, 
Ni-Mn, Ni-Ti, Ni-Cr., Ni-Cu alloy layers they 
deduce a strong correlation between the measured 
ESP and the respective magnetic moment of these 
alloys [168,169] and consequently they also ex- 
clude, on principle, the applicability of the SSW- 
model for the interpretation of SIFT data mea- 
sured for 3d-transition metal alloys [170,7]. SIFT 
experiments on the SMO of ultrathin layers of 
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ferromagnetic materials revealed that for Fe [171] 
at 0.4 K 2 atomic layers are already ferromagnetic 
contrary to measurements for Ni where for Ni 
layers of thickness less than 3 atomic layers no 
ferromagnetic behaviour is found [ 1721. 

We remark that work is in progress to perform 
SIFT experiments under UHV conditions at ferro- 
magnetic surfaces where the surface orientation is 
known [ 1731. 

4.4. Diffraction of spin-polarized low-energy elec- 
trons (SPLEED) 

Diffraction of spin-polarized electrons at mag- 
netic surfaces opens a most promising way to 
achieve information on the surface magnetic prop- 
erties of fen-o- and antiferromagnetic materials. At 
present two comprehensive and extensive reviews 
[ 11,121 on SPLEED are published which con- 
centrate on various aspects of theoretical and ex- 
perimental SPLEED-research at surfaces of mag- 
netic and nonmagnetic materials. 

We will limit ourselves to report on recent 
pioneering SPLEED-experiments performed at 
surfaces of ferromagnetic 3d-transition metals. 
First, investigations on the spin dependence of 
polarized electron scattering using Ni( 110) surfaces 
were reported by Celotta et al. [ 1741 and Pierce et 
al. [175]. 

In these experiments polarized electrons from a 
GaAs source are diffracted at the 2 topmost atomic 
layers of a Ni( 110) crystal magnetized parallel to 
the surface plane to reduce depolarization effects 
caused by stray magnetic fields, which amalready 
small if a magnetic shunt is provided for the 
magnetic flux [175]. The intensity and the scatter- 
ing asymmetry of the diffracted specular beam is 
measured using a Faraday cup and a polarization 
modulation technique coupled with phase-sensitive 
detection [12]. The authors find from their experi- 
mental data on Ni(ll0) that the surface magneti- 
zation changes - within the temperature region 
0.5 I T/T,, I 0.8 - linearly with temperature 
which is drastically different from bulk behaviour. 
Work is in progress to perform SPLEED experi- 
ments on surfaces of Fe(ll0) [ 1771. 

Recently, Alvarado et al. [178] reported on the 
magnetic critical behaviour at Ni(100) surfaces 

near TCb. They find from the evaluation of their 
experimental data in the temperature range 0.008 
I 1 - T/T,, I 0.1, that the surface magnetization 
decreases with the critical exponent j3, = 0.825 
which possibly indicates XY coupling at the 
Ni(100) surface. We remark that they also find 
from their experiment that for this surface TCb is 
equal to T,, to within +4 K. The above reported 
experiments indicate that SPLEED is a powerful 
tool of great future potential for the investigation 
of surface magnetic properties. 

We remark that in recent succesful experiments 
by Siegmann et al. [ 1791 on the spin-dependent 
absorption (inelastic scattering) of electrons in a 
ferromagnetic metal, new and efficient principles 
for simple ESP detectors were discovered. 

Finally, we note that the first experiments in 
the field of studying magnetism with electron dif- 
fraction were performed by Palmberg and w- 
workers [179a] who showed that conventional 
LEED can be used to study antiferromagnetism, 
since the antiferromagnetic unit cell is twice the 
size of the chemical unit cell. 

5. Summary and perspectives 

As discussed in this review there has been strong 
progress in fundamental research on the SMO of 
ferromagnetic metals. In the past few years a large 
amount of mutually competing information on 
SMO of ferromagnetic metals under UHV condi- 
tions has been achieved with different experimen- 
tal techniques. For a critical examination of the 
advantages and limitations of the five experimen- 
tal techniques sensitive to SMO we have focused 
attention on experimental results for Ni, which is 
generally recognized to play a key role for testing 
the applicability of theoretical models on ferro- 
magnetism. 

ECS is a technique for magnetic surface analy- 
sis with extreme sensitivity in real space. With 
ECS the long-range SMO, and in addition the 
“local” SMO existing at the topmost atomic layer 
of a magnetic material, can be investigated. Utiliz- 
ing two-electron capture processes in ECS, “local” 
SMO existing at an atomic scale within atomic 
neighbours can be investigated without applying 
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any magnetizing field, which can be of crucial 
importance for measurements where the critical 
behaviour of ferromagnets near phase transitions 
is explored. ECS has been applied to a number of 
ferromagnetic materials to investigate interesting 
phenomena. As a result, many questions concern- 
ing surface magnetism have been answered using 
present-day knowledge about the physics of ECS. 
With ECS studies it is shown that only well-de- 
fined and atomically clean surfaces of single 
crystals reflect the magnetic and electronic proper- 
ties of the material in consideration, a fact which 
has high-lighted the importance of single ‘crystal 
measurements. Ni(hkl) surfaces, e.g., exhibit high 
ESP values which directly reveals that band-struc- 
ture calculations treated in the framework of the 
SSW model are not fundamentally inadequate to 
account for the ground-state surface magnetic 
properties of ferromagnetic metals; no so-called 
intrinsic magnetic dead layers could be observed 
at clean surfaces. We note, however, if the original 
clean surface is contaminated with one monolayer 
of hydrogen the ESP drops to zero showing the 
disappearance of ferromagnetism at the surface. 
This was found by ECS and FES UHV experi- 
ments. With ECS it is further shown that two 
atomic layers of Ni already are ferromagnetic, 
which is of considerable interest for testing theo- 
retical models. 

Measurements on the temperature dependence 
of the long-range SMO at Gd surfaces show dras- 
tic differences compared to the magnetic be- 
haviour of the bulk, a finding most important for 
the promotion of prevailing theoretical notations. 
Experiments on the “local” SMO at Ni(hkl) 
surfaces show that “local” ferromagnetic order at 
Ni surfaces exist far above TCb, for Ni( 110) up to 
2Tc, suggesting that spin-split bands may be 
maintained at these high temperatures. In further 
ECS studies it is shown that the reconstructed 
(lOO)c(2 X 2) surface of antiferromagnetic bulk Cr 
is ferromagnetic. This is detected by ECS in a 
straightforward way in combination with LEED 
investigations. 

In PES experiments strong recent progress (see 
table 6) has been achieved by measuring ESP at 
single crystalline surfaces and by the successful 
introduction of the “transversal geometry” in PES 

where recently optical selection rules are also taken 
into consideration. We remark that PES is a 
method of great future potential, which allows us 
to probe electron states in k-space not only at the 
Fermi level but also far below the Fermi energy. 
Recent differentially energy-resolved PES results 
on the ESP of electrons emitted from below the 
Fermi level reveal that the found photo-ESP can- 
not be explained within the one-electron band 
picture. On the other hand, proving the validity of 
a model where Auger transitions with final local- 
ized two-hole bound states are involved the found 
photo-ESP data can be well understood. 

In FES in the past years extreme experimental 
efforts towards an improvement of the experimen- 
tal feasibilities have led to new FES-ESP data (see 
table 6) where the experimental conditions are bet- 
ter known. These FES-ESP data for Ni and Fe can 
be successfully interpreted in the frame of band 
structure calculations if a spin dependence of the 
surface potential is taken into consideration. 

SIFT experiments using polycrystalline Ni-, Co- 
and Fe- layers and also 3d-transition metal alloys 
yield all ESP values which are of majority-spin 
type. In the interpretation of their data the authors 
exclude the applicability of the SSW model. It is 
conceivable that new refined SIFT-ESP results - 
performed under UHV conditions at ferromag- 
netic surfaces where the surface orientation is 
known - must be awaited for a final conclusion on 
the inapplicability of the SSW model for the in- 
terpretation of the experimental SIFT-ESP data 
which are known to carry information on the 
electronic and magnetic properties of electrons 
within only 1 meV near the Fermi level. 

In first most promising SPLEED experiments 
on single crystalline N&surfaces under UHV con- 
ditions the temperature dependence of the surface 
magnetization is investigated and found to depend 
linearly on temperature. In a further experiment it 
is demonstrated that SPLEED allows us to de- 
termine surface critical exponents with high preci- 
sion. It is to be expected that SPLEED - on the 
basis of a close coupling between theory and ex- 
periment -- will develop into a very powerful tech- 
nique rendering it possible to obtain information 
on a layer-dependent surface magnetization. At 
this point we note that one expects from a recent 
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theory by Felcher [ 1801 on reflection of polarized, 
cold (wavelength = 0.5 nm) neutrons at ferromag- 
netic surfaces that neutrons can be utilized as a 
probe of surface magnetism with a sensitivity cor- 
responding to one atomic layer. A further contri- 
bution in this area is made by Mazur and Mills 
[180a] who have calculated the inelastic scattering 
of neutrons by surface spin waves on ferromagnet- 
its. 

Quite recently, Gradmann and coworkers [ 1811 
developed a UHV magnetometer for the investiga- 
tion of well-characterized magnetic layers which 
also will become a powerful tool for answering 
fundamental questions in magnetism. 

The prospects for the future application of 
SMO-sensitive spectroscopies are highly promis- 
ing. One topic is related to answer challenging 
questions in technological important fields such as 
catalysis and corrosion. How does the SMO change 
by adsorption and subsequent dissociation of 
molecules used in heterogeneous catalysis? How 
are changes in the catalytic activity of a ferro- or 
antiferromagnetic catalyst reflected in changes of 
the long-range or the “local” SMO? The answer to 
these questions will provide a framework towards 
a comprehensive theory on catalytic processes 
which presently is not available. It is to be ex- 
pected that future experiments on SMO will make 
fundamental contributions in this field. These ex- 
periments certainly will include not only pure fer- 
romagnets but also ferromagnetic alloys such as 
NiCu which are widely used as catalysts. There the 
relative NiCu composition at the topmost atomic 
layer easily can be changed by interdiffusion and 
controlled by AES. ESP analysis then could yield 
information on the possible reduction of the “lo- 
cal” exchange splitting between minority- and 
majority-spin electrons with increasing Cu/Ni 
ratio which is to be expected in the frame of 
modem band theories. We note that surface treat- 
ments such as ion sputtering, oxidation-reduction 
or temperature treatments change the catalytic ac- 
tivity of the alloy surface by orders of magnitude 
which might be due to the change in the NiCu 
composition. 

A further topic is related to answer fundamen- 
tal questions concerning critical phenomena such 
as phase transitions at surfaces of bulk ferromag- 

nets or at adsorbed layers on top of a ferromagnet. 
One may ask: How are order-disorder transitions 
of hydrogen chemisorbed on top of single crystal- 
line Ni surfaces correlated with changes in the 
SMO? Investigations on the change of the SMO 
below and beyond the Curie or NCel point are of 
extreme interest for testing temperature-dependent 
bulk and surface band-structure calculations. At 
present it is unknown if nonferromagnetic materi- 
als such as V and Mn exhibit ferromagnetism if 
monolayers are deposited on substrate materials 
with lattice constants different from that of bulk V 
or Mn. The extension of experiments on SMO 
towards the investigation of spin glasses or mixed 
valence systems is of special theoretical interest 

WI. 
We believe that the recent progress in under- 

standing surface magnetism will be accelerated in 
the near future on the premise of the achievement 
of a deeper comprehension of the physical 
processes inherently involved in each method. Fur- 
ther stimulus for surface magnetism research will 
come from the exploration of new ESP detectors. 
This promising challenge has widely been recog- 
nized and met. In ECS, e.g., detection of two-elec- 
tron capture processes [39], or polarized-light 
emission from spin-polarized electron capture into 
excited atomic states, opens the way for new spin 
detectors [ 1821; in SPLEED, e.g., presently in 
experiments on spin-dependent absorption of elec- 
trons in ferromagnetic metals, the use of a new 
spin detector is being explored [ 1791. 

After completing this review we received a theo- 
retical treatment by Jepsen et al. [ 1831 on the 
spin-polarized electronic structure of unsupported 
thin Ni( 100) films. Graphical evaluation of the 
ESP for Fermi electrons yields for the center plane 
of a 5-layer thick Ni( 100) film an ESP of - 82% 
which changes by excess states on the surface layer 
to - 75%. From these self-consistent calculations 
no evidence is found either for magnetic dead 
layers at the surface or for a change of the sign of 
the ESP of Fermi electrons at the surface (see 
sections 3.3 and 3.5). 
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