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Layer-dependent magnetization at the surface of a band ferromagnet
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The temperature dependence of the magnetization near the surface of a band ferromagnet is measured with
monolayer resolution. The simultaneous application of highly surface-sensitive techniques enables one to
deduce the layer-dependent magnetization curves atl@esurface. Analysis of data is based on a simple
mean-field approach. Implications for modern theories of itinerant-electron ferromagnetism are discussed.
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A ferromagnetic material is characterized by a spontanewithin Hubbard-type models of correlated itinerant electrons
ous magnetizatiom which decreases with increasing tem- using  slave-boson, decoupling and alloy-analogy
peratureT until the paramagnetic state with=0 is reached approache&’ Roughly, the results are similar to those for
at the Curie point .. For very low temperatures the form of Ising or Heisenberg systems in the range of intermediate
the magnetization curven(T) is governed by spin-wave ex- temperatures. Yet, the precise form wf,(T) for a band-
citations according to Bloch’s law. For temperatures veryferromagnetic surface must still be considered as largely un-
close toT, critical fluctuations result in a power-law depen- known.
dencem(T)«=(T.—T)? with a critical exponents. In the On the experimental side, determination of the layer-
wide range of intermediate temperatures the fornmgf) dependent magnetization curve at a surface is a demanding
depends on the specific system. In case of a bandask as well, which has not been achieved so far. In order to
ferromagnetic material, such as Fe as a prototype, the deneasuren,(T), experimental techniques sensitive to surface
tailed form of m(T) in this intermediate regime must be magnetism are required with a magnetic probing depth tun-
explained from the underlying electronic structére. able with monolayer(ML) resolution. Common surface-

Density-functional theory within the local-spin-density sensitive techniques like spin-resolved secondary-electron
approximation is known to give a quantitatively accurate de-emissior* or (inversg photoemissiotf average over several
scription of several ground-state propertieSor finite tem-  layers beneath the surface resulting inrearly bulklike
peratures, however, there is no satisfying implementatiofehavior ofm(T). Nevertheless, in a number of sophisticated
available. A microscopic theory must account for the exis-experiments a roughly linear temperature trenang®) has
tence of local magnetic moments aboVg in particulart  been observed and attributed to the surface magnetization
This requires one to deal with correlations among itinerantsee Refs. 13—15 for Fe surfaces and Ref. 16 for experimen-
valence electrons as, for example, within the framework ofal techniques
an orbitally degenerate Hubbard-type model with realistic Here we report on an experiment to determg(T) at
parameters.The long history of itinerant-electron ferromag- the (100 surface of bcc Fe. The crucial feature of our ex-
netism shows that this is a demanding tasBn the other periment is the simultaneous application of differensitu
hand, comparatively simple mean-field approaches based dgachniques which are highly sensitive to the magnetization
spin models are known to provide a successful phenomenaear the surface, but slightly differ in their magnetic probing
logical description in many cas¢see, e.g., Ref.)6Remark-  depths.
ably, while the Weiss mean-field theory fails to reproduce the Ultimate surface sensitivitymagnetic probing deptix
known T—0 and T—T, limits and substantially overesti- =0 ML) is achieved by spin-polarized electron capttfr&®
matesT,, the form of the Fe magnetization curn&(T) at 25 keV He" ions are grazingly scatterdthcidence angle to
intermediate reduced temperatufB&T . is reasonably well the surface plane 1-2°) off a magnetized 18$) surface.
described: For spin-quantum numi&+ 1/2 there are devia- The ions are reflected and capture target electrons into ex-
tions from the measured bulk magnetization curve of Fecited atomic states. The spin polarization of captured elec-
within a few percent only:® trons is deduced from the observed degree of circular polar-

At the surfaceof a band ferromagnet the magnetizationization of emitted fluorescence light. Excited atomic states
may be different for different layers parallel to the surface can only survive collisions for impact parameters exceeding
because of the reduced translational symmetry. Hence, a kelje mean radius of the corresponding electronic orbital. Thus
guantity that characterizes the surface magnetic structure the final formation of atomic states takes place on the outgo-
the layer-dependent magnetization cumg(T). Within the  ing part of the trajectories, resulting in a sensitivity of elec-
framework of classical spin models, the lowered surface cotron capture to a region at or above the top surface layer.
ordination number implies that certain exchange interactions An established technique to study magnetism near a sur-
are missing. This directly leads to a reduced magnetic stabilface is spin-polarized secondary-electron emission, induced
ity at the surfacé: The top-layer f=1) magnetization is by keV electrons at normal or oblique incidert@Based on
substantially reduced as compared with the bulk. Howevera mean-field study, Abraham and Hopéténfer from their
significant deviations from the bulk magnetization curve areobserved temperature-dependence of the spin-polarization of
confined to the first few layers in the intermediate temperasecondary electrons from (ilO) a magnetic probing depth
ture range. This is confirmed qualitatively by calculationsof A=3-4 ML (with an upper limit of 7 ML for electrons
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of about 0 or 10 eV kinetic energy. A compilation of electron a
scattering cross sections by Sohense and Siegmatfrsug- - 10 2 _-5
gests a similar value for Fex&4.2 ML), in accordance E sl S s
with a recent overlayer experiment by Pfandzeéeal ! g v ) N
The probing depth in secondary-electron emission can be 5 o6} A= OM"/_/
considerably reduced by using energetic ions instead of elec- 5 L
trons as primary particlé€:?! Grazingly incident ions are S osf
reflected from the top surface layer and do not penetrate into 5
the bulk (“surface channelingy. In practice, structural im- ¥ 02
perfections like surface steps mediate penetration of some MO Kerr-effect
projectiles, leading to a contribution of excited electrons 00 — : : :
from layers beneath the surface. From computer simulations - 10 2 b
emulating ion trajectoriéd and an overlayer experimeft, g e
we infer for scattering of 25 keV protons from our(E60) £ 08y e
surface a probing depth af=(0.5+=0.2) ML for electrons s o6l
of 10—20 eV kinetic energy. We note thatseems to in- m
crease for lower electron energies owing to cascade multipli- & o4l
cation governed by electron-electron scattefhilence, en- & Electron emission
ergy resolution is mandatory if maximum surface sensitivity S 020 o proton-induced
is aspired. @ o electron - induced
Electron capture and electron emission yield information 00— : : ;
on the spin part of the magnetization. Although a general 10 C |
guantitative relationship between experimental observable E
(electron spin polarizationand magnetization has not been 2 st
worked out so far, it is generally assumed that one can derive c
the (normalized temperature dependence of the magnetiza- % 0.6
tion. This assumption appears to be justified in view of the, £
at least for the conditions of our experiment, weak selectivity § 04
of capture and emission processeskirspace. Considering €
the small, well-defined, but different information depths of & 02y Electron capture
the techniques, a simultaneous application at the same sur- 0.0 ‘ ‘ ‘
face thus should enable one to deduce the layer-dependent 02 0.4 0.6 048 1.0
magnetization curves near the surface. Temperature (T/T)

mollTntZlértoe)éﬁ)irgTﬁgt’ aa(:t)(f)?;)\ rrljs ::;i%leoig\sl\tﬁlh glf;'(()illsFor FIG. 1. Temperature dependence(af Kerr rotation, (b) spin
gap 9 y ' olarization of secondary electrons, induced by electrons and graz-

the measurements the crystal is magnetized by current pulsﬁ1

. . o Seg scattered protongopen and solid circles, respectiveland
through the coil along an easy axis of magnetizato®d] or (c) spin polarization of electrons captured into atomic states 6f He

[001] in the (100 surface plane. This reproducibly yields a ions, grazingly scattered off FEO0). The curves represent mean-
full remanent magnetization near the center of the crystal afield calculations according to Eq&l) and(2) with different prob-
checked by the magneto-optic Kerr effect. TAO0) surface  ing depthsh as indicated.
is prepared by cycles of grazing Arsputtering and anneal-
ing, until the surface is clean, atomically flat, and well or- formed during grazing scattering of 25 keV Hens is stud-
dered, as inferred from Auger electron spectroscopy, grazinged via fluorescence light emitted in thes®®-3p°P, A
ion scattering, and LEED. The target temperature is con=388.9 nm transition. The circular polarization fraction of
trolled by a thermocouple attached directly near the crystalthe light is measured by means of a rotatable quarter-wave
Systematic differences between the thermocouple readinglate, a linear polarizer, a narrow bandwidth interference fil-
and the crystal temperature are calibrated by Kerr efféat  ter, and a cooled photomultiplier. The transition being in the
rie temperatureT,) and pyrometer measurements and cor-UV spectral range, detection is affected on a tolerable level
rected. by stray light from the filaments for heating the crystal up to
Electrons are emitted by 25 keV protons at grazing inci-temperatures below about 900 K.
dence (1.2°) or by 4 keV electrons at oblique incidence Experimental results are depicted in Fig. 1 as a function
(33°) and enter an electrostatic energy analyzglindrical  of the reduced temperatuféT., T,=1043 K. The data are
sector field in a direction of about 10° from normal. Spin collected from several quick heating and cooling runs. Short
analysis is performed for electrons with 10—-20 eV kineticmeasurement times turned out to be important in order to
energy in a subsequent LEED spin polarization detéctor. avoid significant segregation of C at intermediate tempera-
Each polarization spectrum is obtained from two identicaltures and S at temperatures closeTio.’®> No systematic
measurements with reversed magnetizations to eliminate irdifferences exceeding the statistical erabout+0.03 for
strumental asymmetries. the normalized polarizationvere observed for heating and
Electron capture into the excited Hels3p®P term  cooling runs, respectively. In Fig(d) we show for compari-
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son the rotation of the polarization axis associated with theéyy an exponential factor exp(@/\) where\ is the probing
longitudinal magneto-optic Kerr effedsolid circle3. The  depth characteristic for the experimental technique applied.

temperature dependence is in agreement with previous KerFrom the layer-dependent magnetization curmegT), we
rotation measurements at (880) by Sirotti et al’® and re-  thus calculate a quantitp(T) as

flects the bulk magnetization, because of the large penetra- .
tion depth of visible He-Ne-laser li ically 20 nm(Ref.
2] ghtypically 20 nmt P(T)x 3 e “m,(T) @

Clearly different temperature-dependences are observed “
with the surface-sensitive techniques electron-induced electhe results are shown in Fig. (curves. The mean-field
tron emissior{Fig. 1(b), open circle§ proton-induced elec- P(T) nicely reproduces the temperature trend of (beop-
tron emission{Fig. 1(b), solid circled, and electron capture €rly normalized measured data for the respective informa-
[Fig. 1(c), solid circleg. The curvatures gradually decrease, tion depthA. A valueA=5 ML is consistent with the esti-
until, for electron capture, an almost linear behavior is ob-mates for the probing depth in electron-induced electron
served. Remarkably, for electron-induced electron emissiorgmission { =4-5 ML). We have also checked against the
a prominent technique to study surface magnetism, the daghoiceS= 1/2. This does not change the temperature trend of
closely resemble the data from the Kerr effect. m,/m,(0) as a function ofl/T. significantly. Surprisingly,

Information on the layer-dependent magnetization cannotonsidering an enhancement of flie 0 top-layer magnetic
be extracted from the data directly, as these have to be intemoment(see Ref. 2ydoes not lead to a significant change of
preted as exponentially weighted averages over a number #fie temperature trend either. Following Ref. 28 one may ex-
layers corresponding to the probing depth. We use an indiregtect a different exchange between the top- and the sub-
way by comparing with results of a simple mean-field calcu-surface-layer moments;,# J. Within the experimental er-
lation which is known to reproduce the bulk magnetizationror, we find that the measured data are reproduced by
curve fairly well, provided that reduced quantities calculations for a modified surface exchange in the range
m(T)/m(0) andT/T, are used. from J,,/J=0.8 t0J;,/J=1.1.

Accordingly, the spirS Heisenberg model for thé00) We conclude that the mean-field calculation gives a rather
surface of a bcc lattice with layer-independent nearestaccurate description of the layer-dependent magnetization at
neighbor exchangé is consideredH=—J%,5S.Ss- the F€100) surface at intermediate temperatures. Clearly,
Herei labels the sites within a layer parallel to the surfacemean-field theory must be considered as a poor starting point
and =1, ...~ the different layers. The mean-field free to explain surface magnetism. Nevertheless the result is in-
energy isFye=—kgT Intrexp(—Hye/kgT) whereHye is  teresting as any theoretical approach that conceptually im-
obtained fromH by the usual decoupling,S;s—(S.)Sis proves upon the_Welss theory should give the same results
+S.(S;5) —(S«S;p)- Assuming collinear ferromagnetic or- (Within our experimental error o _
der, m,=m,_e,, and minimizing Fye with respect to the In summary, this study gives detailed information on the.
order parametem, = gug(S%,) (9: Landefactor; ug: Bohr  layer-dependent magnetization at the surface of a prototypi-

magnetol, yields a coupled set of Weiss self-consistency¢@ band ferromagnet. We report on an experiment to mea-
equations sure temperature-dependent magnetization curves near the

(100 surface of bcc Fe. We simultaneously apply different
m,=m,(0)Bs(Shb,/kgT), (1)  techniques, two of which are based on grazing scattering of
energetic ions, resulting in an ultimate surface sensitivity.
The magnetic information depths of the techniques being
well defined but slightly different enables one to achieve a
near monolayer resolution. The form of the layer-dependent
magnetization curve is an important key quantity of surface
magnetism which, for intermediate temperatures, represents
a benchmark to discriminate between different microscopic
®heoretical approaches to explain surface magnetism from
the underlying temperature-dependent electronic structure.

with m,(0)=gugS, the Brillouin functionBg (Ref. 295 and
the layer-dependent Weiss fieldo,=(2J/gug)(zm,
+z,m, 1+z,m,1). =0 andz, =4 are the intra- and
inter-layer coordination numbers for th&00 surface. The
total coordination number i8=z+2z, =8. The equations
(1) are easily solved numerically for a film of finite but suf-
ficiently large thickness. For the actual calculations we hav
takenS=1. Assuming the orbital contribution to the mag-
netic moment to be quenched completey=2), this ap-
pears to be the proper choice in the case of Fe sincd8the The experimental part of this work was performed in col-
=0 spin moment is 2.13 per atont® laboration with T. Igel, M. Ostwald, and Professor H. Winter.
To compare with the experiment we assume that eacFinancial support by the Deutsche Forschungsgemeinschaft
layer & gives a contribution proportional 1o, but weighted  (Sonderforschungsbereich 298 gratefully acknowledged.
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