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Spin-polarized electron capture during ion impact on a ferromagnetic surface
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25-keV He'" ions are scattered from a clean and Mn-covefieL) Fe(100 surface. The spin polarization
of electrons captured into excited®B states of He atoms is probed via an analysis of polarized fluorescence
light. For projectiles impinging from grazing to normal incidence we observe the same spin polarization of
captured electrons. By a coverage of 1 ML of Mn atoms we demonstrate the surface sensitivity of the method
and discuss its potential for spin-sensitive microscopy and sputter depth prdf8inig63-1829)00406-3

In recent years considerable progress has been achieved in One property of ECS is the large target area probed by the
the study of magnetic phenomena at surfaces by making usgojectile beam impinging under grazing incidence. Since
of electron, ion, and atom beam probgSin electron cap-  the projection of the beam onto the target surface scales with
ture spectroscoplECS fast ions are scattered under a graz-1/sing, | i.e., ford;,~1° with about 50, even a collimation
ing angle of incidence from a magnetized surface and caps¢ the incoming beams in the sub-mm domain results in a
ture (spin-polarized e_Iectrons into stabl_e and _eXC|ted atomic signal from an area of several mm in length from the target
states. In early studies of Rau and Sizntawith 150-keV ; : T i

hesurface. It is obvious that the grazing incidence geometry is

D™ ions, the spin polarization of electrons captured from t . X . : .
target into the ground state of deuterium atoms is deducefounteracting requirements for a microscopic spatial resolu-

from the analysis of a subsequent nuclear reaction. Thigon.
method has been applied in studies on surface magnetism for In this paper we report on our finding that the high surface
clean metal targets and thin fili$.Since in grazing scatter- sensitivity of ECS is also obtained for larger angles of im-
ing geometry trajectories of projectiles and the final electrorpact towards normal incidence. In our experiments, 25-keV
capture events are localized to a region well in front of theHe™ ions are scattered under 15®,,<80° from a clean
topmost layer of surface atorfiS,ECS is a technique with and flat Fé100) target that is kept by current pulses through
high sensitivity to the topmost surface region. _the coil of an attached yoke in a remanent state of magneti-
In an equivalent manner, polarized electrons captured intQ4iqn gt 4 pressure of about Mmbar. The target surface
excited atomic states can be studied by the decay via thl.c-§ prepared by cycles of grazing sputtering with 25-keV' Ar

emission of polarized ligh®=*3 From circularly polarized . : : .
fluorescence light, e.g., described by the Stokes parametiiS @nd subsequent annealing. Polarized quoreicence light
S=[1(c")~1(c))/[1(¢-)+1(c*)] with intensities of emitted from excited He atoms in thes 2s-3p 3P, A

light with negative/positive helicity(o~), 1(c*), the spin ~ =388.9nm transition is detected through a quartz window

polarizationP¢=(S,)/S of captured electrons is deduced in a Py means of a quarter-wave retarder plate, a narrow band-
Straightforward mannéﬁ PS can be related to a |Ong_range width interference filter, a linear poIariz&diChl’OiC sheet or
magnetic order at the target surface. The advantage of thlkeam splitter cube and a cooled photomultiplier. At current
“optical” technique over conventional ECS with nuclear de- densities of some 10 nA/nffor the incident ion beams
tection is its simpler setup, good signals, and a wider choicé/pical count rates amount to severaf tOunts/sec in pulse-

of projectiles and their energies. It has been applied so far t§ounting mode.

clean F¢110) (Refs. 10—1Hand Ni(110),*" a thin film of Mn Because of the broken symmetry in the atomic capture
on F&€100),*® and an amorphous ferromagnetics€e;sB,,  and excitation process at the surface, tipe’B term shows a
ribbon® polarization of atomic-orbital angular momentd_

lon-scattering experiments under a glancing angle of in=(L)/L,*** independent of the electronic spin, leading
cidence®,, (up to some degrepsun under conditions of also to an emission of circularly polarized light. For a mag-
planar “channeling,’® i.e., the projectile motion is charac- netized target the spin polarizatid® and P, of captured
terized by a “slow” motion normal to the surface plane and electrons can be deduced from two measuremenglofor
a “fast” parallel motion. Then atomic projectiles are re- reversed settings of magnetizati¢s/I1(7),S/1(])] (Refs.
flected from the topmost layer of surface atoms. Penetratiod0—19 wherePg scales wit{ S/1(7) —S/I(1)] andP,_ with
into the bulk of a crystal occurs only at larger angles of[S/1(T)+S/1(])].
incidence(above “critical angles’) or is mediated by defects In Fig. 1 we showP, and P, for incident 25-keV Hé
of the target surface. Combined with features of electrorions as a function of the angle of incidends, referred to
capture, ECS is characterized by a high sensitivity to théhe surface plane. The E&0) target, a thin slice of 10 mm
topmost layer of a surface. In this respect ECS clearly differsliameter in a soft magnetic yoke is at room temperature and
from most other methods of studying surface magnetisnthe sectional area of the impinging ion beam is>013mn?
with probing depths of some atomic layers, as, e.g., techer 1X1 mn¥. The single crystal is magnetized along an easy
niques based on electron spectroscopy or on the “magnetalirection(001). We observe that within the uncertaintiBg
optical Kerr effect.” is constant, whereaB, shows a pronounced decrease with
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51 " FIG. 2. Spin polarizatio®, for 25-keV He" ions scattered from
L & clean F€100 (open circleg and 1-ML Mn/F&100) (solid circles
0 ‘ : ‘ i— under ®;,=1.5° (left pane) and ®;,=80° (right panel, respec-
0 20 @ (4; ) 60 80 tively. The fluence is measured after the shutter of the evaporator is
in ldegree closed.

FIG. 1. Spin polarizatioPs and polarization of orbital momenta  tjon of atomic states that decay thereafter via the emission of
P_ as function of the incidence angle,, with respect to the surface photons with radiate lifetime$ér~90 ns herg much longer
for 25-keV He" ions scattered from a clean @0 surface.T  than the collision times will take place on the outgoing part
=300K. Inset: Hysteresis loofStokes paramete®/| vs current  f the trajectories. This leads to the high surface sensitivity
through the coilly) for &,=70°. of electron capture even for impact under normal incidence.
In the inset of Fig. 1 we show a hysteresis loop whgfle
increasing®;,. The different dependences & and P is recorded as a function of the current through the tgil
have considerable consequences for the application of ECor ®,,=70°. The constant saturation values 8 at
to the study of surface magnetism. The observations can lgigherl,, demonstrate that the data are not affected by mag-
interpreted qualitatively by the following simple arguments. netic stray fields in the vicinity of the target. Those fields
The decrease oP_ with ®;, is understood in a similar generally lead to a precession of angular momenta accompa-
manner as for the excitation of fast ions after transmissiomied with a reduce®/I. A discussion of the curve is beyond
through thin solid foils(*beam-foil excitation”) where the the status of the present experiments and the scope of this
surface normal is tilted with respect to the beam &kiEor  paper.
projectiles leaving the solid along the surface noriealre- The topmost layer sensitivity of electron capture is dem-
sponds to®;,=90° herg axial symmetry for the capture/ onstrated here by epitaxial growth of a thin film of 1 ML Mn
excitation process holds a] vanishes? With decreasing on the F¢100) surface at room temperature. For this system
®;, the axial excitation symmetry is broken, giving rise to aan almost vanishing net magnetic moment of Mn atoms, but
nonzeroP, as observed. only a slight reduction of the net moment of Fe atoms in the
Our finding of a constar®g with ®;, means that the spin interface layer has been obsenf8d2®In a recent study per-
polarization of captured electrons is the same despite clearfiprmed under grazing incidentewe have shown that the
different excitation mechanisms for grazing and oblique/spin polarization of about 27% observed for the clean
normal incidence collisions with the target surface. The pro+eg100 surface almost vanishes for this filfleft side of left
jectile trajectories are described below critical angleg;  panel in Fig. 2. We observe the same feature fb,=80°
(some degrees herby concepts of channelirfd,character-  (left side of right panel in Fig. 2and conclude a similar
ized by specular reflection and no penetration of projectilesopmost layer sensitivity for this case. A discussion of the
into the bulk. For®,,>®;; an increasing portion of projec- physics of surface magnetism resulting from our observation
tiles penetrate into the bulk, accompanied by an increaseid given elsewher&
mean energy loss and a decreasing coefficient of reflection In Fig. 2, we have plotte® during consecutive measure-
with increasing®;,. For the conditions of our experiments ments of fluorescence light as a function of the fluence for
we estimate for normal incidence a coefficient of reflectioncontinuous irradiation of the thin-film surface with 25-keV
of about 0.1232%|n this respect it is interesting to note that He™ ions. This bombardment leads via sputtering to a
the normalized intensity of emitted light from reflected pro- gradual removal of atoms from the surface layer and to an
jectiles decreases from grazing to normal incidence by only éncrease oPg. For grazing scatteringeft panel of Fig. 2 a
factor of 2, i.e., excitation under normal impact is clearly fluence of some 6ions/cn? leads to a substantial removal
more efficient than under grazing incidence. of Mn atoms andPg approaches the value for the clean
Charge transfer and excitation under those conditions caRe(100) substrate. For large-angle impact we observe a simi-
be summarized by the admittedly oversimplyfying, but intui-lar effect (right panel of Fig. 2, however, we stopped the
tive picture that(excited atomic states can only survive the experiments at a smaller fluence in order to prevent the
interaction with the solid, if the distance of the atomic coreFe(100) crystal from damage in the subsurface region due to
from the surfacdr is of the same size as the spatial extensionion implantation. In this respect it is important to note that
of the relevant electronic orbit), i.e., R~(r).?* For the the time for recording the datéleft pane) amounts to
3p3P term(r) amounts to about 1 nm. Then the final forma- about 2 h. Single measurements Bf with sufficient
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statistics, however, can be performed within several secondspectroscopy profiling. Since the electron capture into ex-
The solid curves through the data are fits using a modetited atomic states is not limited to He projectiles, the use of

where the Mn coverage decreases at a rate proportional to ti@avier projectiles, e.g., Ne or Ar, would lead to more effi-

product of the ion fluence and the coverage. For a giverient sputtering yields.

coverage, the net spin polarization is obtained as Weighted (3) Scanning microscopy to study magnetic bit or domain

average of the polarization for clean Fe surface patches arghtterns at surfaces appears to be feasible(rfe) normal-

for Mn covered areas. incidence impact of ions the probed area of the surface is

In conclusion, we see interesting consequences for futurgiyen py the lateral width of the focused incident ion beam.
work that directly follow from the experimental observations\yjith modern liquid-metal ion sources spot sizes of only a

outlined above. __few tens of nanometers across can be achié¥é&uorder to

from atomically smooth surfaces. Our findinas clearl ShOW%chieve a sufficient signal, the photon counting rates can be
) y i 9 Y SNOWenhanced by a larger solid angle and, in particular, a detec-

that this method can be also applied at larger angles of imz

pact beyond the regime of channeling. This offers the possit-'on of atomic transitions over the whole optical spectral

bility of studying magnetic properties of structured or roughrgnge(detectlon W't.hOUt mterference filtersThen an analy-
surfaces, imperfect films, adsorbed clusters, etc. sis of I.ocal mggnetlc properties at_the topmost layer of sur-

(2) The combined effects of sputtering surface atoms and@ces iS possible. Though the striking feature of the tech-
capture of spin-polarized electrons bears the potential of 81due is the ultimate surface sensitivity, a lateral resolution
magnetic sputter depth profiling with topmost layer resoly-typically achieved with other state-of-the-art microscopies
tion. Our method is similar to previous wdrk where the ~ (10—100 nm with magnetic contradtis conceivable. More-
spin polarization of secondary electrons excited by noble-gagver, a combination with lithography, micromachining, and
ion impact is analyzed. The advantage of the method proion beam deposition could be performed.

posed here is its simple setup and a low sensitivity of excited ) )
atoms to external electric fields. Then it should be particu- TNiS work is supported by the Deutsche Forschungsge-

larly simple to perform in the same experiment an analysis of€inschaft under Contract No. Wi 1336 and Sonderfor-
secondary ions, i.e., an element-specific secondary-ion mag§hungsbereich 290.
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